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General introduction 
 
 
 
Implants, biomaterials, and tissue engineering 
During the last two decades the availability 
and application of medical implants has in-
creased dramatically. For example, the Dutch 
National Medical Registration Office 
LMR/SIG approximates that over 100,000 
implants were used in 1995 in the Netherlands 
alone. This concerns a broad variety of medi-
cal implants ranging from knee protheses to 
══════════════════════════════ 
TABLE I 
Selected biomedical implant applications; 
magnitude of usea 
heart valves, and from breast protheses to 
pace makers. More estimate figures were pre-
sented by Ratner1 in his Presidential Address 
for the Society for Biomaterials in 1993 (Ta-
ble I). Although both sources emphasize that 
these figures are estimates, it is clear that the 
use of implants is considerable. Long term 
projections even suggest that implant applica-
tions are going to rise in the future. Factors 
that contribute to this increase can be ascribed 
roughly to three major causes. First, the life 
expectancy of humans increases. This will in-
evitably lead to a raise in the demand of im-
plants like hip replacements or artificial lenses 
for the treatment of geriatric diseases and de-
fects. Second, more and more medical treat-
ments are going to include the use of implants 
in the future. One example of such a devel-
opment is the use of percutaneous implants in 
dialysis2. In stead of treating patients with 
chronic renal failure though intermittent 
haemodialysis, percutaneous implants enable 
continuous ambulatory peritoneal dialysis 
(CAPD). Third, technologies are evolving that 
open new ways in treating specific disorders 
or defects. This is demonstrated by techniques 
that are being developed in the field of tissue 
engineering3. Basically, tissue engineering 
combines the principles and methods of the 
life sciences with those of engineering to elu-
cidate fundamental understanding of struc-
ture-function relationships in normal and dis-
eased tissues, to develop materials and meth-
ods to repair damaged or diseased tissues, and 
to create entire tissue replacements4. Tissue 
engineering thus spans from controlling cellu-
lar responses to implant materials, manipulat-
ing the healing environment to control the 
structure of the regenerated tissue, producing 
  
Application  Numbers Used per Year 
 
Ophthalmologic 
Intraoccular lenses      1,400,000 
Contact lenses   250,000,000b 
Retinal surgery implants       50,000 
Prothesis after enucleation        5,000 
 
Cardiovascular 
Vascular grafts       350,000 
Arteriovenous shunts       150,000 
Heart valves        75,000 
Pace makers       130,000 
Blood bags      30,000,000 
 
Reconstructive 
Breast protheses       100,000 
Nose, chin                      10,000 
Penile         40,000 
Dental        200,000 
 
Orthopaedic 
Hips         90,000 
Knees         65,000 
Shoulders, finger joints       50,000 
 
Other devices 
Ventricular shunts        21,500 
Catheters    200,000,000 
Oxygenerators       500,000 
Renal dialysers    16,000,000 
Wound drains     3,000,000 
Sutures     20,000,000 
 
aApproximate annual usage in United States of America 
bWorldwide  
  
 
 
12 
cells and tissues for transplantation into the 
body, and developing a quantitative under-
standing of many biological equilibrium and 
rate processes5. 
 Biomaterials play an important role in 
many of these activities. Originally, inertness 
was thought to be one of the major contribu-
tions of the performance of an implant or 
biomaterial but later Williams adapted the 
definition of biocompatibility to include the 
idea that a biomaterial performed with an ap-
propriate host response in a specific applica-
tion6. However, most currently used implant 
materials do not possess these desirable qual-
ities. At his Presidential Address, Ratner1 
voiced this problem very vividly by saying: 
"For the majority of our widely used bio-
materials, no one sat down in advance and 
said `how can I engineer the surface of this 
material to produce the desired biological re-
sponse?'" He stressed that most currently used 
biomaterials, although demonstrating gen-
erally satisfactory clinical performance, were 
"ad-hoc" biomaterials, developed upon a trail-
and-error optimization, rather than being engi-
neered to produce a desired interfacial inter-
action. One of these interactions of major im-
portance is cell adhesion to the surface of a 
biomaterial. 
 
Cell-substratum interactions 
Recent advances in the understanding of cell 
biology have led to a realization that cells are 
highly sensitive to their immediate environ-
ment7. Most normally growing cells, both in 
artificial culture conditions and in vivo, attach 
to surfaces of some kind. These surfaces are 
usually neighbouring cells of a similar or dif-
ferent type, accumulations of natural extracel-
lular materials such as collagen, or non-
cellular substrata. These non-cellular substrata 
can be either natural or artificial. In addition 
to the fundamental importance of these cell-
substratum interactions during embryogenesis 
and organogenesis, they also play a critical 
role in the interactions between surgically im-
planted materials and the surrounding body 
tissues. Cell-substratum interactions are con-
cerned not only with the more or less static 
processes of adhesion and cytotoxicity, but 
also with the dynamic process of cell loco-
motion. Mainly through the use of in vitro ex-
periments, major progress has been made in 
the understanding of the interactions between 
different cell types with the implanted mate-
rial surface. In the following paragraphs, some 
cell structures and mechanisms related with 
fibroblast-substratum interactions will be dis-
cussed with a focus on their morphological 
and molecular structure. 
 
The fibroblast cytoskeleton 
The cytoskeleton is a distinct part of the fi-
broblast. It consists of a cohesive framework 
of filaments formed by the self-assembly of 
protein molecules8. It is known that the cy-
toskeleton is involved intimately in producing, 
coordinating and directing movement of the 
entire cell, as well as various components 
within the fibroblast8-12. 
 Morphologically, the cytoskeleton 
consists of three different components, i.e. the 
microfilaments, intermediate filaments, and 
microtubules7, 9, 13. The presence of fibres 
within the cytoplasm of cultured cells has 
been recognized since the description by 
Lewis and Lewis14 in 1924 of so called `ten-
sion striae' in cultures of mouse endothelium 
and mesothelium. Later, these striae were also 
observed in other cell types and were called 
stress fibres because they are found frequently 
in regions where the cytoplasm appears to be 
under stress or tension. Their presence in liv-
ing cells can be detected by using bright field, 
phase contrast, Normanski interference con-
trast, or polarized light microscopy. Specific 
labelling of these fibres for visualization with 
fluorescence, confocal laser scanning, or 
transmission electron microscopy was until 
recently only possible in fixed cells. However, 
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recent developments15 show that fluorescent 
labelling of stress fibres is now also possible 
in living cells, enabling for instance confocal 
laser scanning microscopical time lapse stud-
ies. 
 Stress fibres, commonly more often 
referred to as microfilaments, consist of paral-
lel bundles of closely packed filaments, 5-7 
nm in diameter8, 10. Microfilaments are often 
associated with contacts of the cell and the 
substratum. In such areas the bundles seem to 
be attached to the plasma membrane and to 
run obliquely back into the cytoplasm, rising 
gradually from the lower to the upper surface 
of the cell, ending usually in the region of fi-
brous material around the nucleus (Figure 1). 
Microfilaments are however not confined to 
cell/substratum contact areas. The leading la-
mellipodium contains a cross-weave of micro-
filaments16. Furthermore, microfilaments are 
present in a cortical layer of cytoplasm imme-
diately beneath the plasma membrane on both 
the upper and lower surfaces of the cell. This 
cortical layer has a variable thickness (0.1-0.5 
μm) and, in contrast to the orderly ar-
rangement the microfilament bundles, consists 
of an irregular meshwork of microfilaments11, 
16. On the lower surface of the fibroblast, the 
cortical cytoplasm layer is interrupted by 
obliquely running stress fibres (Figure 1). 
 Biochemically, microfilaments consist 
of proteins. These proteins, i.e. actin, myosin 
and the associated proteins tropomyosin, tro-
ponin, α-actinin and filamin, are involved 
supposedly in the cellular contraction mecha-
nism8-12. Up to 15% of the total protein in ac-
tively motile cells consists of actin (Mw ±42 
kDa). Actin can be present as globular actin 
(G-actin), although in non-muscle cells much 
of the actin is also found in the filamentous 
form (F-actin). These filaments have a double 
helical structure with a diameter of 
 
Figure 1   Schematic drawing of a vertical section through a 
fibroblast17. 
 
40-70 nm. Electron microscopically they have 
a characteristic beaded appearance with an 
axial repeat of about 37 nm. Next to the fila-
ments, a portion of the cellular actin (± 50%) 
can be present in an unpolymerised form. This 
may represent a pool of stored actin which can 
be converted into filaments when required. 
 Cytoplasmic myosin accounts for 
about 0.5-1.5% of the total protein in non-
muscle cells. The structure and function of 
this protein is beyond the scope of this study 
and will therefore not be discussed here. This 
also applies for the associated proteins tropo-
myosin, troponin, α-actinin and filamin. 
 In addition to the microfilaments, an-
other important filamentous system is found 
in the cytoplasm of many cells from higher 
eukaryotes. This system consists of filaments 
with a diameter of 10 nm8. Because they are 
wider than the 6 nm actin filaments, but nar-
rower than the myosin filaments, they are col-
lectively known as the intermediate filaments. 
Based on their occurrence in specific cell 
types and their subunit composition, interme-
diate filaments have been separated into five 
distinct classes: 
 
-1- Keratin (or prekeratin) filaments re-
stricted to epithelial cells. 
-2- Neurofilaments, found characteristi-
cally in neurons. 
-3- Glial filaments, in glial cells. 
-4- Desmin filaments, found mainly in 
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smooth, skeletal and cardiac muscle. 
-5- Vimentin filaments in cells of mesen-
chymal origin like fibroblasts. 
 
Of all these different categories, only vimentin 
filaments will be discussed in detail, since 
these filaments are present in fibroblasts, the 
cells used in this thesis. 
 As apparent from the name, the major 
subunit of vimentin filaments is vimentin. 
This protein has a molecular weight of 52 
kDa8. Immunofluorescence of cultured fibro-
blasts demonstrated that characteristically 
wavy vimentin fibres extend through the cyto-
plasm of a cell in a more-or-less radial fash-
ion. Immunofluorescence has also revealed an 
abundant presence of vimentin filaments 
around the nucleus. The function of these 
filaments is however not completely clear. 
There is some evidence that they are capable 
of interacting with desmosomes, cellular 
membranes, and nucleus. One common sup-
position is that these proteins give mechanical 
support to the nucleus to maintain its position 
within the cell. An additional hypothesis is 
that vimentin filaments are capable of inter-
acting with microtubules. 
 The presence of elongated tubular 
structures in cilia and flagella was recognized 
during the early days of electron microscopy 
and led to the introduction of the term micro-
tubule by Slauterback18 in 1963. The wide-
spread occurrence of microtubules in the cy-
toplasm is a feature of virtually all types of 
eukaryotic cells, including fibroblasts. Within 
the cytoplasm, microtubules may occur indi-
vidual, in bundles, or in more extensive or-
ganized arrays. Irrespective of these different 
patterns, they display a common basic struc-
ture in electron micrographs8. In a transverse 
section they usually appear as rings with a di-
ameter of 25 nm. The electron translucent 
central region is approximately 10 nm across, 
and the electron dense wall is about 5 nm 
thick. In longitudinal sections they appear as 
two electron dense parallel lines. Their total 
length is difficult to estimate, but im-
munofluorescence showed that individual 
microtubules may extend without interruption 
for at least 50 μm in the cytoplasm of cultured 
fibroblasts. Furthermore, microtubules are not 
straight, rigid structures. They usually form 
extensive networks within the cytoplasm, for 
the most part conforming to the shape of the 
cell. The exact function of the microtubules is 
still unclear. 
 Tubulin, the predominant protein in 
microtubules, exists in aqueous solution as a 
dimer with a sedimentation coefficient of 6S8. 
When denatured, the dimer yields two mono-
mers, each with a diameter of 4 nm, called α- 
and β-tubulin. These two monomers, which 
have the same molecular weight of 50 kDa, 
polymerize and form a microtubule with a 
hollow cylindrical form, an outer diameter of 
25 nm, and a central canal or lumen of about 
10 nm diameter. 
 
The fibroblast adhesion mechanism 
In vitro, fibroblast adhesion in serum free and 
serum containing culture medium are two dif-
ferent processes. Adhesion without serum oc-
curs presumably through non-specific phys-
ico-chemical forces, while with serum more 
specific interactions occur between cell and 
serum components. Since the behaviour of 
fibroblasts in the absence of serum is beyond 
the scope of our experiments, only the reac-
tions of these cells in the presence of serum 
will be reviewed. 
 Fibroblasts in vitro form cell-substratum 
and cell-cell contacts. These contacts can be 
differentiated by morphological criteria, i.e. 
the gap distances between the plasma mem-
brane and the substratum surface and the pres-
ence of submembranous densities. Three 
types of these contact sites have been de-
scribed13, 19-22, i.e. focal adhesions, close con-
tacts, and extracellular matrix (ECM) contacts. 
 Focal adhesions, also called focal con-
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tacts, focal adhesion points, or adhesion 
plaques, are often found on the perimeter of 
the fibroblasts. They are oval patches, roughly 
1 micron long, and characterized by the pres-
ence of narrow gaps (10-20 nm) between the 
ventral surface of the fibroblast and the sub-
stratum. Although they occupy only a small 
fraction of the interface, they are the site of 
the strongest cell-substratum adhesion. Fibro-
blasts detached from a substratum with a mi-
cro-electrode or a jet of fluid for example 
leave their adhesion plaques behind on the 
surface12. This suggests that focal contacts are 
not only points of close contact, but also sites 
of mechanical anchorage. 
 Close contacts, often found surround-
ing focal adhesion points, are characterized by 
larger gaps of 30-50 nm between the plasma 
membrane and the substratum. At these con-
tact sites, a meshwork of microfilaments is 
often seen in the cytoplasm. 
 ECM contacts are observed at sites 
where the cell membrane is separated from 
the substratum surface by a large distance 
(>100 nm). They are characterized by the 
presence of strands of extracellular proteina-
ceous material, which connect the ventral cell 
membrane to the substratum. 
 In the formation of focal contacts, two 
proteins present in serum are involved, i.e. 
fibronectin and vitronectin23-28. In vitro, these 
multi-domain proteins adhere to the glass or 
plastic surface of a culture dish and expose 
specific sequences that are recognized by cell 
surface receptors. The amino acid sequence 
Arg-Gly-Asp (RGD), found in the cell bind-
ing domain of both fibronectin and vi-
tronectin, is especially important in this proc-
ess. Both, endogenous and plasma fibronectin, 
possess this amino acid sequence, but that 
does not mean that the two forms of this pro-
tein are identical. Endogenous fibronectin is 
the major surface glycoprotein of many fibro-
blastic cell lines. The plasma fibronectin dif-
fers from the endogenous form in both mo-
lecular weight and biological activity. At pres-
ent, plasma fibronectin has been demonstrated 
to mediate several cellular functions, like cell 
attachment to substrata, maintenance of cellu-
lar morphology, wound repair, and non-
immune opsonization23-31. 
 
Focal contacts and integrin 
Many models have been developed to de-
scribe the cell adhesion process. One of these 
models8, 22, 32-41, which now is regarded as 
most likely, will be presented here in order to 
describe the construction of a focal contact. 
 During cell adhesion, the stress fibres of 
the cytoskeleton are linked to the glycoproteins 
on the substratum surface through a cascade of 
proteins. One of these proteins in the cascade is 
the transmembrane protein integrin (Figure 2). 
 An integrin molecule is a non-cova-
lently bound complex of two distinct, high 
molecular weight polypeptides, called α- and 
β-integrin. Integrin acts as a transmembrane 
linker in a variety of cells. Beside fibroblasts, 
integrins are for example also found on blood 
platelets, where they are involved in blood 
clotting. Furthermore, they are also present on 
lymphocytes and macrophages, where they 
play a role in the crucially important matrix 
interactions. Integrin spans the plasma mem-
brane in the region of a focal contact (Figure 
2). Its cytoplasmic domain binds to the 215 
kDa protein talin, which in turn binds to the 
130 kDa protein vinculin. Vinculin interacts 
with α-actinin, which connects with the actin 
filaments, but may also associate directly with 
the cytoplasmic domain of integrin. However, 
the binding affinity of vinculin for α-actinin is 
quite weak, and in its embryonic form it does 
not bind to α-actinin at all. Addition of other 
proteins to the cascade, like the 400 kDa pro-
tein tenuin, will strengthen this association 
between vinculin and α-actinin. With the 
binding of α-actinin to the stress fibres, a 
chain of proteins is formed which extends 
from the 
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Figure 2   The stress fibres (1) of the cytoskeleton run obliquely from the region near the nucleus (2) to the ventral membrane of 
the cell. Here the F-actin binds to a cascade of proteins (see inset 3), linking it up with the transmembrane protein integrin that 
protrudes through the cell membrane and connects to ECM components like fibronectin8, 22, 32-41. 
 
ECM across the plasma membrane to the cor-
tical cytoskeleton (Figure 2). 
 
Fibroblast locomotion 
Most animal cell types possess the capacity to 
crawl across a substratum. This process of cell 
locomotion plays a key role in both normal 
physiology and pathological situations10-12, 22. 
Certain cell types, like neutrophils and free 
living amoebae, are specialized for locomo-
tion, but in most cells the capacity for locomo-
tion is repressed. As with fibroblasts, cell lo-
comotion is normally only activated by 
wounding or oncogenic transformation. 
 Fibroblast locomotion on a rigid sub-
stratum is continuous process, which is un-
doubtedly complex and consists of a delicate 
interplay between various cellular compo-
nents. The most important components in this 
process are the fibroblast cytoskeleton and 
adhesion mechanism. When the process dur-
ing fibroblast movement is simplified and 
broken down into a sequence of separate 
events (Figure 3), it can be presented as fol-
lows10-12, 22: 
 
-1- protrusion of the leading edge by as-
sembly of a actin mesh-network; 
-2- formation of new distal adhesions of the 
newly formed protrusion;  
-3- contraction of the meshwork by the in-
teraction of microfilaments linked 
proximally; 
-4- forward movement of the cell centre as 
the microfilament array contracts; 
-5- decay of the adhesion as it becomes 
proximally located; the decay of ad-
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hesion, associated with the disassembly 
of the contractile system, provides recy-
cled subunits for another cycle. 
 
 The formation of the lamella is vital 
for locomotion in general, and the protrusion 
of the leading edge in particular. The broad, 
0.5 μm thick lamella at the front of the fibro-
blast is devoid of organelles. From the leading 
edge of this lamella, which is anchored by fo-
cal adhesion points, the lamellipodium is pro-
jected forward and parallel to the substratum 
(Figure 3). This extension of the lamelli-
podium and additional microspikes is driven 
by the polymerization of actin filaments. 
Therefore, free actin molecules, also called G-
actin, move to the region of the advancing 
margin of the cell through diffusion. How-
ever, how the actin filament actually formed, 
is not known11. One model suggest that new 
actin can only be generated by polymerization 
onto the existing barbed ends, thus resulting in 
elongation of the actin filaments. A second 
model however, proposes that nucleation of 
new filaments precedes the elongation of the 
existing filaments. This would result in "tai-
lor-made" actin extensions that are fitted on 
the existing filaments. Up to now, results of 
experiments have not provided sufficient data 
to rule out one of these two possible models. 
After the elongation of the actin filaments, the 
membrane has to be driven forward. As with 
the elongation of the actin filaments, the exact 
mechanism of this membrane protrusions is 
not known. Again, two models are for the 
generation of the protrusive force have been 
proposed11. The first model suggests that the 
forward movement of the membrane is driven 
by an ATPase driven motor (e.g. myosin I), 
that moves the filament barbed ends back-
wards and the membrane forward. As a result, 
the polymerization of actin can fill the created 
gap. The second model proposes that the 
membrane is moved forward by thermal fluc-
tuations. 
Figure 3   Highly schematic illustration of the principal 
events during fibroblast locomotion10-12, 22. 
 
Polymerization again fills the resulting gap, 
thus preventing backward movement of the 
membrane. 
 If the lamellipodium, an extremely 
thin cytoplasmic sheet of 110-160 nm, con-
tacts the substratum, this results in the forma-
tion of focal contacts. An accumulation of 
transmembrane proteins (integrins) will occur, 
followed by a polymerization of actin. If the 
lamellipodium however fails to adhere to the 
substratum, it extends upwards, moves back-
wards across the dorsal surface of the lamella 
in a wave-like manner, and disappears. As one 
such lamellipodium migrates posteriorly, an-
other takes it place, trying to establish a stable 
contact with the substratum. The posteriorly 
directed traffic of lamellipodia on the dorsal 
surface of the fibroblast is generally called 
ruffling, and is considered an universal aspect 
of cell locomotion on planar surfaces in vitro. 
In vivo however, it appears that ruffling is un-
common, since these cells advance usually by 
means of filopodia or blunt protrusions. 
 After adhesion of the lamellipodium, 
the cortical network contracts. The contraction 
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 Figure 4   The contraction model11-12. The cell centre be-
comes the focus of a competitive tug-of-war ... 
 
is most prominent in the tail region of the cell 
and has two important consequences. First, it 
squeezes the cytoplasm, producing hydrostatic 
pressure which drives cytoplasmic consti-
tuents to the front of the cell. Second, the con-
traction generates a polarized flow of cortical 
actin.  
 After anchorage of the fibroblast to 
the substratum surface, traction will be ap-
plied on the newly focal contacts. According 
to the two most accepted models11-12 out of 
many, this traction will be generated by my-
osin II. With the contraction model, the my-
osin II filaments will pull on actin filaments of 
opposite polarity, thus creating cortical ten-
sion that pulls the cell equally in all directions. 
The cell centre becomes the focus of a com-
petitive tug-of-war (Figure 4) and the area 
with the greatest number of adhesion sites or 
exerting the greatest pull will determine the 
direction of movement. The directed transport 
model however suggests a more gentile ap-
proach. This model postulates that the pull of 
myosin II is not random, but along an orien-
tated track of actin filaments. As a result of 
the directive pull, the cell would then move 
into the direction of the actin filaments. 
 With both the contraction and the di-
rected transport model, it is essential that the 
adhesions to which the motor system is an-
chored, are temporary. If these adhesion 
plaques do not decay or detach, the cell will 
not be able to move because of the fact that it 
is held down by its own adhesion points. Fur-
thermore, the rate at which adhesion an-
chorages are relinquished also has important 
consequences for the behaviour of the fibro-
blast. If isometric tension in the contractile 
system is maintained, the supply of subunits 
needed for actin polymerization will become 
restricted, and forward protrusion at the lead-
ing edge will slow down. Hence, cells with 
tightly adhering adhesion plaques are less 
likely to be motile. This clearly demonstrates 
that there is an inverse correlation between the 
duration of adhesive interactions and the rate 
of movement. The control of adhesion decay 
must therefore be of considerable interest. 
Currently, little is known about the mech-
anisms involved in the adhesion decay proc-
ess. Results of experiments indicate that pro-
teolytic degradation of the adhesions almost 
certainly plays no part in this mechanism42. 
Another possibility is based on the fact that 
the stability of focal adhesions seems to de-
pend on the lateral, rather than the converse 
stabilization of the microfilament bundle. 
Probably, this stabilization is provided by vin-
culin. However, it is also known that vinculin 
is one of the cytoplasmic targets of the protein 
kinase that phosphorylates a tyrosine residue, 
and kinase is abundantly present in all non-
transformed cells. Earlier studies have shown 
that phosphorylation of vinculin results in the 
loss of focal adhesions43-44, and this theory is 
supported by the observation that intracyto-
plasmic injection of anti-vinculin antibodies 
leads to the dissolution of focal contacts45. 
However, one problem with this hypothesis is 
that only a small proportion of the vinculin 
becomes phosphorylated. Furthermore, it is 
not clear whether the phosphorylation of vin-
culin is a primary cause or a secondary conse-
quence of the altered microfilament distribu-
tion. Finally, in more recent models that have 
been proposed, integrin plays a very important 
role in the decay of the cell adhesion22. With 
the growing insight in the different functions 
of integrin and its position in many signalling 
pathways, it will be not be surprising to learn 
that integrin is involved in the process of 
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 Figure 5   Representation of an electrical double layer54 
 
 
adhesion decay. However, regarding the fact 
that integrin too is directed by other mech-
anisms39 will make it a complex, but interest-
ing puzzle to unravel. 
 
The role of the substratum in cellular ad-
hesion 
Although cells are able to adhere to different 
kinds of non-cellular substrata46, it is known 
that certain physicochemical properties of the 
substratum can influence the interactions be-
tween cells and the substratum surface. These 
physicochemical properties include surface 
chemistry, surface composition, surface 
charge density47, surface (free) energy48-49, 
surface oxidation50, solidity51, curvature52, and 
surface morphology53, which have been 
shown to affect cellular behaviour. In the fol-
lowing paragraphs the surface charge density, 
surface free energy, and surface topography 
will be discussed. 
 It was suggested by H. von Helm-
holz54 in 1879, that an electrical double layer 
of positive and negative charges exists at the 
surface of separation between two phases. Ac-
cording to modern views, this double layer at 
a solid-liquid interface is made up of a layer 
of ions that are firmly held to the solid, and a 
more diffuse mobile layer that extends into 
the solution (Figure 5). The charge of the 
firmly held or fixed layer is a result of the sur-
face charge density. The surface charge den-
sity on its turn a result of the chemical com-
position of the solid interface. The resultant 
 Figure 6   Diagram illustrating the creation of surface ener-
gies by unsaturated chemical bonds62 
 
 (net) charge of the diffuse layer is equal in 
magnitude but of opposite sign to that of the 
firmly held layer. As a result of the electrical 
charges, there is a potential between the separ-
ation of the bulk of the solution and the fixed 
and diffuse layer (Figure 5). This is called the 
electrokinetic potential, represented by the 
Greek letter zeta, ζ54. 
 The role of surface charge density in 
cell adhesion has been discussed by Curtis55, 
Maroudas47, Grinnell56, and Weiss57. They 
proposed that negatively charged groups on 
the substratum surfaces should be present for 
cell adhesion to occur. It was suggested that 
these charged groups might be composed of 
either carboxyl or sulphonate. However, more 
recent research56-61 has indicated that the pres-
ence of a high surface density of hydroxyl 
groups is probably more important for the ad-
hesion of cells. 
 The energy at the surface of a substra-
tum is greater than in its interior. For example, 
consider a crystal consisting of a cubic lattice. 
Inside this crystal the atoms are held in place 
by an equilibrium of attracting and repulsive 
forces, which are a result of the physicochem-
ical properties of these atoms (Figure 6A). 
However, at the surface of the crystal this 
equilibrium is disturbed because of a discon-
tinuity in the three dimensional lattice of 
forces between the atoms of this crystal (Fig-
ure 6B). As a result, the energy at the surface 
of the crystal is larger because the outermost 
atoms are not equally attracted or repelled in 
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all directions. This amount of energy present 
at the surface of a material is called the sur-
face (free) energy or the surface tension. The 
latter is represented by the symbol γ. The 
conventional unit to describe the magnitude of 
the surface free energy and the surface tension 
are dynes per centimeter and ergs per square 
centimeter. These units are numerically simi-
lar since 1 erg equals 1 dyne cm. Taking into 
account that 1 erg equals 10-7J and 1 dyne 
equals 10-5N, it is easy to deduce that the SI-
unit for the surface free energy and surface 
tension is N/m62-63. 
  It was recognized many years ago64 
that surface free energy is a determinant in 
cell attachment and spreading. Since then, 
many studies have demonstrated that cellular 
adhesion, defined in terms of attachment, 
spreading and growth, tends to correlate with 
the surface free energy of the substratum sur-
face65-71. Surfaces with critical surface tension 
of 20-30 dynes/cm are reportedly less "adhe-
sive" than surfaces with a critical surface ten-
sion between 30 and 50 dynes/cm72-73. There-
fore, low energy surfaces appear to be non-
ideal supports for cellular adhesion.  
 For the improvement of cellular be-
haviour it is possible to modify low energy 
surfaces so that they are energetically similar 
to high energy surfaces in order to enhance 
cell attachment and spreading. Polystyrene 
tissue culture dishes are the best known ex-
ample of such a modification to enhance cell 
adhesion. Although the nature of this pre-
treatment process is a trade secret, it is sup-
posed to consist of a glow discharge treat-
ment74. Glow discharge is phenomenon that 
has been know for some time. It consists of 
the passage of electrons between two elec-
trodes through a gas at low pressure, creating 
an ionized atmosphere. The latter is supposed 
to impart negatively charged groups on the 
polystyrene surfaces which, as mentioned ear-
lier, seems to facilitates cell attachment. 
 Despite the above mentioned relation-
ship between cellular behaviour and the sub-
stratum surface energy, it should be noted that 
several investigators have demonstrated that 
this relation is also influenced by the cell type 
and the presence of serum in the culture medi-
um49, 75-78. 
 
Surface topography, microtextured sur-
faces, and cellular behaviour 
In 1912, Harrison79 cultured cells on a spi-
derweb and noticed that the direction of 
movement of the cells was influenced by the 
structure of the fragile substrata these cells 
were incubated on. Later, this phenomena was 
confirmed by Loeb and Fleisher80 and 
Weiss81, who termed the by Harrison ob-
served cell behaviourial change "contact 
guidance". A few decades later, the ability of 
the substratum surface to manipulate cellular 
behaviour was rediscovered Rovensky and 
Maroudas. Rovensky82-83 studied the behav-
iour of fibroblast-like cells on different kinds 
of substratum surfaces with orderly distrib-
uted 40 μm deep grooves with a triangle pro-
file. He reported that the cells became orien-
tated after adhesion and grew parallel to the 
grooves. Maroudas52, 84 studied the growth of 
fibroblasts on small glass beads (diameter 20-
60 μm), fibres, and platelets. He observed that 
cells grown on beads with a large diameter 
tended toward forming multilayers, while 
smaller beads progressively failed to support 
growth.  
 Since these early studies by Rovensky 
and Maroudas, several investigators have stud-
ied the behaviour of various types of cells to a 
variety of grooved substrata materials. These 
studies have been reviewed recently by von Re-
cum and van Kooten85, and Singhvi et al.53. 
Therefore, only a small recapitulation of some 
studies with microgrooved surfaces will be 
given here.  
 Since the ability emerged to produce 
standardized microgroove patterns into sub-
stratum surfaces, many investigators have tried 
to answer the question of which surface feature 
  
 
 
21 
is responsible for cell orientation and directive 
movement. In 1982, Dunn86 studied the re-
sponse of chick heart fibroblasts (CHF) to 
grooved substrata. A mask pattern was contact 
printed onto photoresist-coated quartz by ul-
traviolet irradiation (200-260 nm). Sub-
sequently, grooves were produced in the 
quartz substratum by ionmilling. The resulting 
grooves ranged in width from 1.65 to 8.96 
μm, and had a repeat spacing from 3.0 to 32.0 
μm. The grooves were of constant depth, i.e. 
0.69 μm. After 24 hours of incubation, it ap-
peared that the cells aligned parallel to the 
long axis of the grooves. In addition, he also 
observed that the F-actin, associated with fo-
cal contacts on the bottom of the grooves, ran 
almost always parallel to the groove axis. 
Based on the results of his study, Dunn con-
cluded that groove width has only a small ef-
fect in the cellular alignment process. Quanti-
tative analysis of the alignment of populations 
of fibroblasts demonstrated that the ridge 
width is the main parameter affecting cell 
alignment. Finally, he also concluded that the 
shape and orientation adopted by the cells in 
response to the grooves, are not governed by 
independent cellular mechanisms, but a result 
of actions from the cell as a whole. Later, 
Dunn, together with Brown87, would repeat 
these experiments on quartz surfaces with an 
identical micropattern as in 1982. However, 
this time they used a mathematical approach 
to describe the cell shape, and reached three 
important conclusions. First of all, they stated 
that the change of the cell shape on the differ-
ently grooved surfaces were entirely due to 
cell elongation. Secondly, they found that the 
spreading of the cells on the grooved substrata 
was generally less than that of cells on smooth 
substrata. Third and finally, they concluded 
from their mathematical calculations that the 
width of the ridges accounted for 90% of the 
orientational cellular response. The resulting 
10% was contributed by the groove width, 
thus neglecting a possible influence of the 
groove depth. 
 This hypothesis contradicted the con-
clusions of Clark et al.88-89, who cultured fi-
broblasts, epithelial-like, and neuronal cells 
on polymethylacrylate surfaces with a 
groove/ridge width configuration of 4-24 μm 
and a groove depth of 0.2-1.9 μm. On results 
of these studies, Clark et al. concluded that 
not ridge width, but groove depth is the major 
factor for cellular orientation. They based this 
conclusion on the fact that a reduction of the 
groove depth to 260 nm or 100-400 nm still 
resulted in cellular orientation, but led to a 
decrease of the axial polarization of the cells 
along the surface grooves. In addition to these 
findings concerning the groove depth, Clark et 
al.89 made another interesting observation dur-
ing this study. They reported that the neuronal 
cells did not align on 1.0 μm deep grooves, 
while they did on 2.0 μm deep grooves. This 
could be a very important indication for a dis-
crepancy in "topography sensitivity" between 
different cell types, since the neuronal cell 
only aligned on 2.0 μm deep grooves, while 
the fibroblasts and epithelial-like cells already 
orientated on grooves of 100 nm deep. 
 Next to the different responses of vari-
ous cell types to identical surfaces, dis-
crepancy in cellular behaviour can also be 
caused by using different substratum materi-
als. Unfortunately, no reports are known that 
compare the cellular behaviour of a single cell 
type to identical groove patterns in different 
substratum materials. Such a study could clar-
ify the mechanism of cell adhesion, orien-
tation, and movement on microtextured sur-
faces. The fact that such a study has not been 
preformed yet, could be caused by the fact 
that the choice of a suitable substratum mate-
rial is a difficult one. Although many potential 
biomaterials are available, it is often difficult 
to produce micropatterns into the surfaces of 
these materials. 
 Titanium is a clear example of such a 
biomaterial, since it is widely used and ex-
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cepted as implant material. Therefore, it 
seems a logical choice to compare the cellular 
behaviour of various cell types on smooth and 
microtextured titanium surfaces. But, due to 
its structural properties, it is difficult to pro-
duce micropatterns into titanium. Further-
more, as reviewed by Singhvi et al.53, the sur-
face homogeneity, with respect to the surface 
chemistry and surface energy, can be changed 
by the production methods used to produce 
microtextured titanium. Despite this, many 
investigators have attempted to investigate the 
behaviour of cells on microtextured titanium.  
  Lowenberg et al.90 for example inves-
tigated the in vitro response of human gingi-
val fibroblasts to two different dental implant 
materials, titanium alloy and zircalloy. These 
materials were provided with either a ground 
surface or a porous structured surface. Based 
on their observations, Lowenberg et al. 
reached the very general conclusion that sur-
face geometry could affect attachment and 
orientation of cells in vitro and in vivo. 
 Like Lowenberg, Inoue et al.91 studied 
the in vitro migration and orientation of hu-
man gingival fibroblasts in relation to the rim 
of smooth-surfaced and porous-coated tita-
nium discs. In these cultures, they found that 
the fibroblasts migrated from the multilayer 
onto the smooth-surfaced discs, forming cellu-
lar bridges between them. The fibroblasts ori-
entated themselves along parallel circum-
ferential grooves in the rim of the discs. They 
concluded that in this way the geometrical 
configuration of implants could influence the 
development of a capsule or induce an orien-
tated fibrous attachment to implants in vivo.  
 Könönen et al.92 studied the adhesion, 
orientation and proliferation of human gingi-
val fibroblasts on electropolished, etched, and 
sandblasted titanium surfaces. After 3 and 7 
days of incubation they found that the fibro-
blasts attached, spread, and proliferated on all 
titanium surfaces. However, cells on electro-
polished titanium exhibited an extremely flat 
morphology and seemed to form cellular 
bridges with adjacent cells, whereas the 
etched and sandblasted titanium surfaces har-
boured both round and flat cells with many 
long protrusions. The fibroblasts on the elec-
tropolished titanium appeared to grow in thick 
multilayers with no specific orientation, 
whereas the cells on the etched surfaces were 
migrating along the parallel, irregular minor 
grooves caused by mechanical polishing. On 
the sandblasted substrata the cells seemed to 
grow in clusters. Könönen et al. also reported 
that stress fibre type actin bundles and vincu-
lin containing focal adhesions were present in 
fibroblasts spreading on the electropolished 
and etched titanium surfaces, but not on the 
sandblasted titanium substrata. They con-
cluded that finely grooved titanium surfaces 
could be optimal with implants adjacent to 
soft tissues, because they could support the 
attachment and growth of human gingival fi-
broblasts. 
 In all three studies90-92, the investiga-
tors were interested in the cellular response to 
surface topography. However, being unable to 
produce standardized surface patterns into ti-
tanium, they used methods to create an aspeci-
fic surface roughness90-92 and observed cells 
on surface features that were created as a by-
product of the production process, eg the 
scratches caused by mechanical polishing92. 
 Brunette et al.93-94 however, ap-
proached this problem differently. They cul-
tured human gingival fibroblasts and porcine 
epithelial cells on uncoated and titanium 
coated grooved substrata. V-shaped grooves 
(0.5 μm, 2.0 μm, 3.0-60 μm deep) were pro-
duced in silicon wafers by micromachining 
and subsequently replicated in Epon. They 
found fibroblast and epithelial cell alignment 
parallel to the long axis of the grooves. Fur-
thermore, they reported that transmission elec-
tron microscopy showed that the cellular fila-
mentous cytoskeletal elements reflected the 
orientation of the cell as a whole. Fibroblasts 
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on grooved substrata proved to have more 
filopodia and to round up more frequently 
than cells on flat surfaces. 
 In an additional study, Brunette et al.95 
performed in vitro and in vivo experiments 
with the same surfaces. They reported that in 
vitro, grooves as small as approximately 0.5 
μm in depth aligned and directed the migra-
tion of both fibroblasts and epithelial cells. 
Tightly spaced grooves (pitch < 30 μm) were 
found to be more effective in orienting cells 
than widely spaced grooves. Furthermore, the 
experiments indicated that the guidance of cell 
locomotion resulted from interactions of the 
grooves with the leading lamellae, rather than 
from the mechanical stiffness of the long cy-
toskeletal elements. When the grooved, tita-
nium-coated epoxy surfaces were implanted 
percutaneously in rats, the length of epithelial 
attachment increased and the rate of epithelial 
migration towards of the base of the implant 
was slowed. On basis of these findings, Bru-
nette et al. concluded that surface topography 
can influence cell migratory and attachment 
behaviour at implant surfaces significantly. 
 
Objectives of the study 
As described above, it has been reported that, 
except from the physicochemical properties, 
surface morphological features of a substra-
tum can influence cellular behaviour. Still, 
little detailed knowledge is available about the 
interaction between microtextured substratum 
surfaces and biological tissues. Consequently, 
the main objective of the studies described in 
this thesis will be to obtain a better under-
standing of the mechanisms underlying the 
relationship between substratum surface mi-
crotopography and connective tissue behav-
iour through in vitro and in vivo experiments. 
 In view of this, it will be attempted to 
answer the following questions: 
 
-1- How does the cellular response of fi-
broblasts in vitro relate to standard-
ized, well defined surfaces? Do micro-
grooves for instance alter the prolifer-
ation rate of cells incubated on these 
surfaces? 
-2- If the proliferation rate of cells is 
changed by microtextured surfaces, is 
this a result from the presence of the 
micro-events or a change due to other 
physicochemical properties of the 
substratum material? 
-3- What will be the cellular response to 
surface events with different dimen-
sions? Is there a minimum or maxi-
mum micro-event dimension to pro-
voke a certain cellular response? 
-4- Many investigators have reported on 
the overall orientation of cells on mi-
crogrooved surfaces. But does the ori-
entation of the intracellular cytoskele-
tal components differ between tex-
tured and non-textured surfaces? 
-5- Will it be possible to visualize the in-
tracellular components together with 
the microtextured surfaces, so that 
they can be analyzed adequately? 
-6- Do microtextured surfaces influence 
the adhesion of the cell to the surface? 
Is it possible to manipulate the site of 
attachment of the cells? 
-7- Do microtextured surfaces also influ-
ence extracellular matrix formation or 
protein deposition on these surfaces? 
-8- What will the in vivo response be to 
microgrooved surfaces with specific 
dimensions? 
-9- Will it be possible to produce micro-
textured surfaces in a generally ac-
cepted biomaterial like titanium? And 
if so, will the cellular response to this 
microtextured titanium surface be 
comparable to the response of cells on 
another microtextured material? 
-10- How do the obtained results relate to 
earlier published results and hypoth-
eses? 
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INTRODUCTION 
All cell types that adhere to substrata, reside 
in an environment with some form of topo-
graphy. This topography may consist of other 
cells, extracellular matrix, other organisms, or 
artificial materials. The first observation of 
such a topographical reaction of cells dates 
from the beginning of this century1. Until the 
early 70's, almost no further attention was 
paid to this phenomenon. Then, Rovensky et 
al.2-3 and Maroudas4-5 rediscovered that cells 
are able to react on the topography of substra-
tum surfaces. From this moment on, research 
of this process has flourished, resulting in a 
host of publications6-17. The underlying mech-
anism of this altered cellular behavior remains 
unknown. Several applicable theories are 
available. Some of them assume that the geo-
metrical surface properties impose mechanical 
restrictions on the cytoskeletal components, 
which are involved in cell spreading and loco-
motion6-17. 
 Besides geometrical properties, it is 
also recognized that physicochemical 
properties are able to influence cellular 
behavior. For example, it has been described 
that cellular adhesion tends to correlate with 
the surface free energy of the substratum 
material18-24. Surfaces with a low surface free 
energy are reported to be less adhesive than 
surfaces with a high surface free energy. 
 Similar to the influence of surface 
topography, several mechanisms have been 
proposed to explain the influence of the 
wettability or surface free energy on cellular 
behavior. The most widely accepted theory is 
that these properties have a selective effect 
 
on the configuration or conformation of the 
proteins, which are deposited on the 
substratum surface19,25. These proteins play an 
important role in the cellular adhesion 
process. In this context, it has also been noted 
that the wettability of a substratum surface is 
primarily determined by the nature and 
packing of the outermost or exposed surface 
atoms in a solid. Therefore, it is independent 
of the chemical nature or arrangement of the 
underlying atoms and molecules26. 
 Recognizing the potential effect of 
surface properties on cellular behaviour, there 
are two other factors that need to be con-
sidered. First, it has been found that surface 
roughness or surface topography can have a 
disturbing effect on the wettability 
characteristics of a solid27. This may especial-
ly occur when a material has a uniform 
roughness or surface texture, but has been 
disputed by Schmidt and von Recum38. 
Second, in various experiments investigating 
the influence of the substratum surface topo-
graphy on cellular behaviour, several methods 
of surface treatment were used, like ultraviolet 
irradiation28, and radio frequency glow dis-
charge39. However, there is sufficient evid-
ence that the applied surface treatment can 
modify the wettability properties and the 
biological performance of a material29. 
 Taking these factors into 
consideration, it is possible to suggest that the 
effect of surface topography on cellular 
behaviour is not only caused by the surface 
pattern, but also by the altered wettability 
characteristics as a result of the applied 
surface treatments. Therefore, the aim of this 
study was to evaluate the cellular growth rate 
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Figure 1   Cross-section through a microtextured substra-
tum (not to scale); Dp=groove depth, Gw=groove width, 
Rw=ridge width, and P=pitch. 
 
 
and orientation on well defined surfaces, 
which received a different surface treatment. 
 
MATERIAL AND METHODS 
Production of the substrata 
The experimental substrata were produced as 
described by Schmidt and von Recum30,31. 
Briefly, photolithography was used to manu-
facture smooth and textured silicon wafers. 
These produced textured silicon wafers, 
which had parallel surface grooves with a 2, 5, 
or 10 µm width. All these grooves had a depth 
of 0.5 µm and were distributed uniformly with 
a spacing or ridge similar to the groove width. 
The configuration and dimensions of these 
surfaces are summarized in Table I and Figure 
1. In order to obtain the final experimental 
substrata, these wafers or molds were covered 
with polydimethylsiloxane (silicone elastomer 
A-2186, FACTOR II). After polymerization, 
the silicone rubber sheets were removed by 
peeling them off the wafers. 
Surface treatment of the substrata 
Prior to use, the microtextured silicone sheets 
were cut into 15 mm diameter round discs. 
These experimental substrata were washed 
manually in 10% Liquinox solution (Alconox 
Inc.), rinsed, cleaned ultrasonically for 6 hours 
in a 1% Liquinox solution, and given two 15 
minute ultrasonic rinses in distilled, deionized 
water. Subsequently, they were given a 
Soxhlet rinse for 24 hours in distilled, 
deionized water to remove residue. Finally, 
the substrata were air-dried and divided 
randomly into 4 groups. These groups of 
substrata were either left untreated (NT) or 
were treated by: (1) ultraviolet irradiation 
(UV; 254 nm, 8 hours); (2) radio frequency 
glow discharge (RFGD) treatment (PDC-
3XG, Harrick; Argon, 0.15 Torr, 5 minutes); 
(3) 8 hour UV irradiation, followed by RFGD 
treatment (UVRFGD). 
 
Surface characterization of the substrata 
After applying these treatments, the following 
methods were used to characterize the smooth 
and microtextured surfaces: 
════════════════════════════════════════════════════════════════ 
TABLE I  
Designer values of the silicon molds and the actual values of the micro events on the silicone rubber substratum surface 
(Dp=groove depth, Gw=groove width, Rw=ridge width, and P=pitch). 
 
 
   Designer  values    Actual  values  
Surface  Dp (μm)  Gw (μm)  Rw (μm)  P (μm)  Dp (μm)  Gw (μm)  Rw (μm)  P (μm) 
 SilD00 0.00 ----  ----  ----  ± 0.02  ----  ----  ---- 
 SilD02  0.50  2.00  2.00  4.00  0.45  1.71  1.68  3.87 
 SilD05  0.50  5.00  5.00  10.00  0.45  4.65  4.98  9.49 
 SilD10  0.50  10.00  10.00  20.00  0.46  9.58  9.77  18.98 
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1. Scanning Electron Microscopy (SEM 
500, Philips) and Scanning Probe 
Microscope (SPM, SP300, Polaron) 
for qualitative and quantitative inspec-
tion of the various surface textures. 
2. Wettability measurements by using 
the Wilhelmy plate technique. The 
substrata for this particular analysis 
consisted of two square pieces of sili-
cone rubber (15 mm x 15 mm) 
attached back to back, thus creating a 
substratum with two identical smooth 
or microtextured surfaces. A DCA 
322/DACS (Cahn Instruments Inc.) 
was used to perform the wettability 
analysis in water and ethylene glycol, 
according to the two liquid method27. 
 
The dip and retraction speed during contact 
angle measurements was 2.5 μm/sec. To 
exclude an effect of the groove orientation on 
the advancing and receding contact angles, the 
measurements were performed with three 
different substratum orientations (Fig. 2). 
Nine test pieces of each substratum were used. 
In addition to the measured contact angles, the 
surface tension of the various substrata was 
calculated (DCA Applications Software Ver-
sion 1.0, Cahn Instruments Inc.), according to 
the geometric mean method27,32-34. 
 
Cell culture 
Rat dermal fibroblasts (RDFs) were isolated 
from ventral skin grafts, taken from male 
Wistar rats, 40 to 43 days of age (100-120 
gram). After dissociation, these cells were 
incubated at 37°C in sterile atmosphere of 5% 
CO2-95% air in α-MEM with Earl's Salts and 
with L-glutamine (Gibco), supplemented with 
15% (v/v) heat treated fetal calf serum 
(Gibco), 2.5 μg/ml amphotericin B (Gibco) 
and 50 μg/ml gentamicin (Gibco). After ap-
proximately 3 days of culturing the RDFs 
were rinsed with phosphate buffered saline 
without magnesium and calcium (PBS Dulbe- 
 
Figure 2   Illustration of the orientation of the micro 
grooves during wettability analysis. 
 
co; pH 7.2), supplemented with 5 μg/ml 
amphotericin B and 100 μg/ml gentamicin to 
remove non-attached cells. Subsequently, the 
growth medium was replaced every two days 
by fresh growth medium. Upon confluence, 
the RDFs were detached by trypsinization 
[0.25% (w/v) crude trypsin and 1 mM EDTA 
(pH 7.2)] and resuspended at a lower cell 
concentration in new culture flasks (Nunc) in 
fresh growth medium. The cells were ident-
ified as fibroblasts by phase contrast morphol-
ogy analysis as described by Freshney35. Fifth 
generation cells were used in all experiments. 
 
Cell growth assay 
Smooth and microtextured surface treated 
substrata were placed randomly in the wells of 
24 well plates (Greiner). The orientation of 
the grooves was random, since the micro 
grooves are not macroscopically visible 
during this procedure. Subsequently, 
approximately 1.0 x104 viable RDFs ml-1 sus-
pended in sterile growth medium were added 
to each substratum. In addition, cell suspen-
sion was added to wells without substrata to 
serve as a control group (CTRL). The cultures 
were incubated for 1, 3, 5 and 7 days (37°C, 
5% CO2-95% air) under static conditions. The 
growth medium was changed every two days. 
At the end of the various incubation periods, 
the cultures were rinsed with PBS Dulbeco to 
remove non-attached cells. The remaining 
RDFs on the substrata were detached by tryp- 
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Figure 3   Scanning electron micrograph of the grooved 
surface of a SilD05 substratum (1 division equals 100 
μm). 
 
sinization and counted using a Coulter Counter. 
After trypsinization, the substrata were observed 
routinely with a phase contrast microscope to 
check whether all cells were removed. The 
results presented are based on the average of 
four experimental runs, which were counted in 
triplicate. 
 To demonstrate the effect of the surface 
microgeometry on the shape and orientation of 
the RDFs, additional cultures of smooth and 
microtextured substrata were evaluated 
Figure 4   Results of SPM measurements on a SilD02 
substratum. The two figures represent a two dimensional 
and a three dimensional height distribution plot. The 
graph shows the data points of the SPM measurements. X- 
and Y-axis have different magnifications. 
 
 
by SEM. After incubation, the attached RDFs 
were fixed and dehydrated by rinsing with 
100% methanol for 5 minutes. Finally, the 
samples were air dried, mounted on stubs, 
sputter-coated with gold and investigated by 
SEM. This experiment was performed in 
triplicate. 
 
RESULTS 
Surface characterization 
SEM and SPM examination showed that none 
of the duplicated silicone surfaces had defects 
or irregularities in their surface pattern (Fig. 3 
and 4). However, SPM measurements also 
showed a deviation between the values of the 
micro events on the silicone casted substrata 
and the designer values of the silicon molds 
(Table I and Fig. 4). 
 The advancing and receding contact 
angle (θADV and θREC) of the various substrata 
were measured, followed by calculation of the 
surface free energy. The results are listed in 
Table II. The values were averaged over the 
three orientations as used for wettability 
analysis, but were statistically tested separate-
ly. Statistical testing of these findings, using a 
Kruskal-Wallis test, showed that the orienta-
tion of the surface grooves had no measurable 
effect on the contact angles and surface free 
energies of equally treated substrata with an 
identical surface texture. The various topo-
graphical dimensions also did not influence 
the advancing and receding contact angles and 
surface energies. Furthermore, statistical test-
ing revealed that UV treatment had no influ-
ence (p>0.05) on the contact angles and 
surface energies of substrata with an identical 
surface topography. However, a significant 
difference was detected between identical 
textured substrata of the NT and RFGD 
(p=0.0001), the NT and UVRFGD 
(p=0.0001), the UV and RFGD (p=0.0001), 
and the UV and UVRFGD group (p=0.0001). 
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Figure 5  Growth of RDFs on substrata of the UV group 
(CVaverage=24.4). The growth data of the control group (CTRL) is 
also plotted (CVaverage=4.3). Differences were found between 
CTRL and UV treated surfaces (0.0001≤p≤0.0005). 
Figure 6 Growth of RDFs on substrata of the RFGD group 
(CVaverage=11.7). The growth data of the control group (CTRL) is 
also plotted. No statistic significant differences were found 
between CTRL and RFGD treated surfaces. 
Figure 7  Growth of RDFs on substrata of the UVRFGD group 
(CVaverage=13.84). The growth data of the control group (CTRL) 
is also plotted. No statistic significant differences were found 
between CTRL and UVRFGD treated surfaces. 
 
TABLE II 
Average contact angles (θADV and θREC) and surface 
tension (γS) of the smooth and microtextured sub-
strata;  σn-1 is given between brackets (n=9). 
 
Cell growth assay 
Figures 5, 6, and 7 show the growth curves of 
the RDFs on the various substrata. As indi-
cated by these graphs, the RDF cell growth on 
RFGD and UVRFGD treated substrata is 
higher than on UV treated substrata. 
Statistical evaluation of the data, using a 
Kruskal-Wallis test, confirmed this 
observation (p=0.0001). Statistical testing also 
revealed that the cell growth of the RDFs of 
the CTRL group was significantly higher than 
the growth of these cells on the UV treated 
substrata (0.0001≤p≤0.005). No significant 
difference in growth rate was found between  
 
  
  
  
 Sample θADV 
(degrees) 
θREC 
(degrees) 
γS (dynes/cm) 
SilD00 NT  111 (10.7)  68 (3.9)  24.9 (2.6) 
 UV  104 (2.4)  75 (1.6)  24.9 (1.6) 
 RFGD  17 (1.0)  17 (1.2)  125.8 (12.5) 
 UVRFGD  15 (1.5)   16 (1.7)  110.5 (14.5) 
SilD02 NT  96 (1.5)  66 (3.1)  14.9 (0.9) 
 UV  98 (0.8)  74 (0.3)  23.6 (2.9) 
 RFGD  17 (0.6)  15 (0.6)  133.1 (11.7) 
 UVRFGD  17 (0.7)  15 (0.8)  131.8 (10.3) 
SilD05 NT  100 (2.2)  66 (3.2)  17.7 (3.7) 
 UV  100 (1.5)  70 (2.0)  14.4 (1.4) 
 RFGD  29 (1.2)  18 (0.6)  111.4 (28.3) 
 UVRFGD  18 (1.2)  17 (1.2)  123.4 (4.1) 
SilD10 NT  90 (2.8)  67 (2.6)  16.6 (2.4) 
 UV  98 (2.0)  69 (3.1)  14.0 (0.3) 
 RFGD  23 (0.9)  23 (0.6)  127.5 (18.8) 
 UVRFGD  18 (0.7)  19 (0.4)  137.3 (12.4) 
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Figure 8   Scanning electron micrograph of RDFs on a 
SilD00 surface after an incubation period of 3 days (1 
division equals 100 μm). Note the random orientation. 
 
RDF cultured on the different treated substrata 
and CTRL surfaces. Statistical comparison of 
the growth data for each individual treatment 
group produced no evidence for a constant 
significant influence of the surface 
topography on the RDF growth rate. For 
example, in the RFGD group cell growth on 
SilD10 substrata was significantly higher than 
on SilD02 substrata on DAY 1 (p=0.0376), 
while on DAY 3 the reverse was found 
(p=0.0002). Furthermore, many non-signifi-
cant differences in cell growth were found. 
These findings were consistent for all 
treatment groups. 
 In contrast with these growth rate 
Figure 9   Scanning electron micrograph of RDFs on a 
SilD02 surface after an incubation period of 3 days (1 
division equals 100 μm). The RDFs are aligned parallel to 
the surface grooves. 
 
 
Figure 10   Scanning electron micrograph of RDFs on a 
SilD05 surface after an incubation period of 3 days (1 
division equals 10 μm). The RDFs are aligned parallel to 
the surface grooves. 
 
findings, SEM evaluation revealed a clear 
influence of the surface topography of the 
substrata on the shape and orientation of the 
cells. This influence was independent of the 
surface treatment used. Scanning electron 
micrographs of cells cultured on the various 
patterned surfaces are shown in Figures 8 to 
11. These micrographs show that cells grown 
on the SilD00 substrata are spread randomly 
and orientated. Although no quantitative pro-
cedures were performed, it is clear that cells 
on the SilD02 and SilD05 substrata are 
aligned parallel to the surface grooves. Fur-
thermore, it has to be noted that, despite their 
orientated 
Figure 11   Scanning electron micrograph of RDFs on a 
SilD10 surface after an incubation period of 3 days (1 
division equals 10 μm). Orientation of the RDFs becomes 
more random compared to RDFs cultured on SilD02 and 
SilD05 substrata. 
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shape, some of these cells also possess protru-
sions, which extend over several grooves and 
ridges. RDFs, growing on SilD10 substrata, 
differed in two ways from cells cultured on 
the other surfaces. First, these cells were elon-
gated, but their body was not aligned parallel 
to the surface pattern. Second, these RDFs 
were not orientated randomly like the cells 
observed on the smooth SilD00 substrata. 
These findings proved to be comparable for 
all incubation periods. 
 
DISCUSSION AND CONCLUSIONS 
SPM measurements showed a deviation 
between the designer values of the silicon 
mold and the actual values of the micro events 
on the silicone substratum surface. These 
dimensional changes are probably caused by 
polymerization shrinkage, due to the minimal 
amount of filler that is added to the polymer26. 
However, it has to be noted that only the 
dimensions of the casts were determined. 
Therefore, it can not be completely excluded 
that the dimensions of the textured wafers 
deviated from the original designer values. 
 During the cell culture experiments 
the NT group was excluded, because the 
growth rate could be very seriously affected 
by a possible microbiological contamination. 
The effect of such a contamination on the 
growth rate would introduce an additional 
variable, which would obscure the relation 
between surface treatment and cell growth. 
Application of conventional sterilization 
methods like sterilization by heat, gas, or 
gamma irradiation can have negative effects, 
or cause damage to silicone rubber substrata 
and the growth behaviour of cells cultured on 
these substrata19,36. Therefore, UV irradiation 
was chosen as an additional surface treatment. 
This choice was guided by the fact that UV 
treatment is commonly used for the steriliz-
ation of cell culture specimens. Furthermore, 
as demonstrated by our contact angle 
measurements, the wettability properties of 
the NT and UV substrata are similar. 
 The experimental data in Table II 
show that substrata of the same treatment 
group have the same contact angles and 
surface energy, despite their different surface 
grooves. The contact angles and surface free 
energies were only increased after RFGD 
treatment. These results also demonstrated 
that RFGD treatment increased the wettability 
of UV treated substrata to the same level as 
RFGD alone did. Therefore, a correlation 
between wettability and surface topography or 
roughness was not demonstrated. Although 
this observation is not in agreement with some 
earlier studies37, it corroborates the findings of 
Schmidt and von Recum38, who reported that 
square 2, 5, 8, and 10 μm events on silicone 
surfaces did not increase the critical surface 
tension and energy of these surfaces 
compared with smooth silicone substrata. 
 Our study showed that the growth rate 
of the RDFs on UV treated substrata was 
lower than the growth rate of these cells on 
the substrata of the RFGD, UVRFGD, and 
CTRL group. A difference between the 
RFGD, UVRFGD and CTRL groups was not 
detected. We found no clear evidence that, 
within a single treatment group, the dimension 
of the micro features on the substratum 
surface did facilitate a higher growth rate. 
 Furthermore, the SEM micrographs 
demonstrated a marked influence of the 
various surface structures on the orientation of 
RDFs. These results confirm the findings of 
other investigators3-4,6-17, who also observed 
contact guidance of cells cultured on 
microtextured surfaces. However, contrary to 
the substrata used in our study, their substrata 
did not possess 0.45 μm deep grooves but 
grooves of at least 1 μm deep. It was not 
surprising to find that some RDF cells were 
able to span several grooves and ridges on all 
our microtextured surfaces, since this has 
already been observed by other 
investigators39. In addition, our results showed 
that SilD02 and SilD05 substrata were able to 
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induce a stronger contact guidance than 
SilD10 substrata. The random orientation of 
the RDFs on SilD00 substrata proved that no 
contact guidance was evident on these 
substrata. These last two observations support 
the studies of Meyle et al.16 and Schmidt and 
von Recum31, who concluded that especially 
surface features in the range of 1-5 μm 
promote cellular conformation. 
 Finally, a comment has to be made 
about the SEM fixation and dehydration 
method used. The authors realize that the use 
of methanol is not accepted widely to fixate 
and dehydrate cells, which can cause a great 
loss of delicate cell structures40. Nevertheless, 
this method was chosen since other accepted 
methods, like critical point drying, freeze 
drying, and dehydration with tetramethyl-
silane, which cause severe damage to cells 
cultured on silicone rubber, make it imposs-
ible to gather information about cell 
orientation. This damage occurs probably 
because the substrata consist of polydimethyl-
siloxane. During critical point drying, high 
pressure compresses the silicone rubber, thus 
causing cell damage or detachment of the 
RDFs. Freeze drying results in a rapid drop in 
temperature which acts as a fixative. How-
ever, during this process silicone rubber acts 
as an insulator, retaining heat and permitting 
crystals to form which destroy the cell. Dehy-
dration with tetramethylsilane, on the other 
hand, causes the silicone rubber substrata to 
swell. Consequently, the cells that are 
attached to the silicone rubber are exposed to 
forces which deform, and ultimately detach or 
damage the cells. 
 By combining all our findings, the 
most important conclusion that can be drawn, 
is that physicochemical parameters, such as 
wettability and surface free energy, play no 
measurable role in the shape and orientation 
of cells on microtextured surfaces. Apparent-
ly, the cells are forced into place by the 
surface texture. For example, as already 
mentioned earlier by Meyle et al.15, it can be 
hypothesized that the strong induction of 
contact guidance by 2 and 5 μm grooves 
indicates the need of cells for mechanical 
stabilization against interfacial movement. 
However, it cannot be excluded that this 
orientation phenomenon is caused by the 
efforts of the cell to reach a biomechanical 
equilibrium with the net sum of forces mini-
mized39,41-43. 
 Finally, it has to be concluded that, in 
light of earlier reports28,31, no effect of surface 
features on the fibroblast growth rate could be 
proven undeniably in this study. This growth 
rate is however changed significantly by the 
applied surface treatment method. 
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INTRODUCTION 
During the first part of this century several 
investigators discovered that cellular 
behaviour is affected by the topographical 
morphology of the underlying surface. In 
1912 Harrison1 reported that substrata with a 
specific linear arrangement, as with spider 
webs, influence the direction of the movement 
as well as the form and arrangement of the 
cells. This was later confirmed by the studies 
of Loeb and Fleisher2. They introduced the 
term stereotropism, which was described as 
the direction in which cells move, governed 
mainly by the contact with solids or very 
viscid bodies like fibres or fibrin. In 1945 
Weiss3 called this cellular response to the top-
ography of a substratum surface `contact gui-
dance', a term still in use today. Surprisingly, 
no further attention was paid to this guidance 
phenomenon until the early 70's. It was 
Rovensky et al.4-5 and Maroudas6-7 who redis-
covered that cells are able to react on the top-
ography of a substratum surface. From this 
moment on, research on this subject has 
expanded, resulting in many publications, 
which were thoroughly reviewed recently by 
Singhvi et al.8. 
 Most of the studies are focused on the 
role of contact guidance in fundamental phe-
nomena like embryogenesis and 
organogenesis. The possible effect of surface 
topography on the tissue response to 
implanted biomaterials has only been 
recognized for the last few years. Brunette9-10 
for example, suggested the application of 
microgrooved implant surfaces to prevent 
epithelial downgrowth around skin 
penetrating devices. Campbell and von  
 
Recum11 described the use of surface micro-
patterns as a tool to reduce the inflammatory 
response at the implant-tissue interface. 
Although these studies have provided import-
ant information, the fundamental mechanism 
of, and optimal parameters for cell control by 
guidance are still unknown. In addition, the 
reported results are often based on subjective, 
qualitative observations. To surpass this lack 
of knowledge, it is evident that a systematic 
study of the influence of surface topography 
on the cellular behaviour is required. There-
fore, the objective of our studies is to 
approach this guidance principle in a more 
orderly way.  
 In our first study12, we reported on the 
effect of surface treatment on the wettability 
of surfaces and on the growth behaviour of 
cells cultured on various surfaces in vitro. 
These experiments revealed that fibroblast 
proliferation on UV treated surfaces was 
lower than on substrata treated with radio 
frequency glow discharge alone, or in combi-
nation with a UV treatment. The substrata that 
were used during these experiments also pos-
sessed parallel surfaces grooves. Scanning 
electron microscopic examination of 
fibroblasts on these microtextured surfaces 
suggested that parallel surface grooves of 2.0 
μm and 5.0 μm were able to induce stronger 
cell orientation and alignment than grooves of 
10.0 μm. Cellular orientation proved not to be 
affected by the various surface treatments. 
However, due to the number of substrata, only 
a qualitative conclusion regarding the cellular 
orientation could be formulated. 
 Based on the results of this first 
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study12, the purpose of this study was to test 
the hypothesis whether microgeometrical sur-
face patterns influence cellular behaviour only 
in terms of cell shape and orientation, or also 
alter the proliferation rate of the RDFs on 
these surfaces. In order to be able to quantify 
and test this hypothesis statistically, the ex-
perimental design of this study concerned a 
larger number of substrata than the first study 
to ensure good statistical power. 
 
MATERIAL AND METHODS 
The substrata 
The experimental substrata were produced as 
described earlier by Schmidt and von 
Recum13-14. Briefly, photolithography was 
used to manufacture smooth and textured 
silicon wafers. These textured wafers 
possessed parallel surface grooves with a 
groove width of 2.0, 5.0, or 10.0 µm. All the 
grooves had a depth of 0.5 μm and were 
separated by a ridge, which had the same 
width as the groove. In order to obtain the 
final experimental substrata, these wafers or 
moulds were covered with 
polydimethylsiloxane (silicone elastomer 
MDX 4-4210, Dow Corning). After poly-
merization, the silicone rubber castings were 
removed from the wafers and cut into round 
discs with a diameter of 15 mm. These discs 
were then washed in a 10% Liquinox solution 
(Alconox Inc.), rinsed, cleaned ultrasonically 
for 30 minutes in a 1% Liquinox solution and 
given two 15 minute ultrasonic rinses in 
distilled, deionized water. Subsequently, they 
were given a Soxhlet rinse for 12 hours in 
distilled, deionized water. Finally, the substra-
ta were air-dried and prepared for cell culture 
purposes by radio frequency glow discharge 
(RFGD) treatment (PDC-3XG, Harrick; 
Argon, 0.15 Torr, 5 minutes). After RFGD 
treatment, the surface geometrical properties 
of the microtextured substrata were character-
ized by Scanning Electron Microscopy (SEM-
500, Philips) and Atomic Force Microscopy 
(AFM, SP300, Polaron). 
Cell proliferation assay and digital image 
analysis 
Rat dermal fibroblasts (RDFs) were isolated 
from ventral skin grafts, taken from male 
Wistar rats, 40 to 43 days of age (100-120 
gram). After dissociation, these cells were 
incubated (37°C, 5% CO2-95% air) in α-
MEM with Earl's Salts and with L-glutamine 
(Gibco), supplemented with 15% (v/v) heat 
treated fetal calf serum (Gibco), 2.5 μg ml-1 
amphotericin B (Gibco) and 50 μg ml-1 
gentamicin (Gibco). After approximately 3 
days of culturing the RDFs were rinsed with 
phosphate buffered saline without magnesium 
and calcium (PBS Dulbeco; pH 7.2), supple-
mented with 5 μg ml-1 amphotericin B and 
100 μg ml-1 gentamicin to remove non-
attached cells. Subsequently, new culture 
medium was added and replaced every two 
days. Upon confluence, the RDFs were 
detached by trypsinization [0.25% (w/v) crude 
trypsin and 1 mM EDTA (pH 7.2)] and 
resuspended at a lower cell concentration in 
new culture flasks (Nunc) in fresh growth 
medium. After identifying the cells as 
fibroblasts by phase contrast morphology 
analysis as described by Freshney15, the fifth 
generation of these cells was used for all 
experiments. 
 Substrata with a smooth or micro-
textured surface were placed in culture wells 
of 24 well plates (tissue culture polystyrene, 
Greiner). Subsequently, approximately 1.0 
x104 viable RDFs ml-1 suspended in sterile 
growth medium, were added to each sub-
stratum. In addition, cell suspension was also 
added to wells without substrata to serve as a 
control (CTRL). The cultures were incubated 
for 1, 2, 3, 5 and 7 days (37°C, 5% CO2-95% 
air) under static conditions. The growth 
medium was changed every two days. At the 
end of the various incubation periods, the 
cultures were rinsed with PBS Dulbeco to 
remove non-attached cells. The remaining 
RDFs on the substrata were detached by 
trypsinization and counted in triplicate with a 
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Coulter Counter. After trypsinization, the 
substrata were observed routinely with a 
phase contrast microscope (Leitz DMIL) to 
check whether all cells were removed. This 
experiment was performed in tenfold. 
 The effect of the surface micro-
geometry on the cellular morphology was 
quantified by digital image analysis (DIA). 
For DIA, the RDFs at six random evaluation 
areas (584.4 μm x 412.5 μm) were photo-
graphed by phase contrast microscopy during 
the cell proliferation assay on day 1, 2, 3, 5 
and 7. The evaluation areas were selected by 
dividing the substratum surface in 740 
possible fields of observation of 584.4 μm x 
412.5 μm. Each field was given a number, 
which was entered in a randomization 
program. Thus, 5 randomly selected evalu-
ation areas and the field at the centre of each 
substratum were photographed. Registration 
of the coordinates of these areas assured that 
the same areas were observed and photo-
graphed during the entire period of incu-
bation. 
 After completion of the cell culture 
experiments these photographs were scanned 
digitally (400 dpi x 400 dpi) and analyzed 
with an Acorn R260 computer (RiSC pro-
cessor), the ArcImage 5 for the HAWK V12 
software package (Foster Findlay Associates, 
UK) and additional self programmed 
software. In short, the in-house written rou-
tines were used to trace all RDFs (approx. 50) 
in each digital phase contrast image and to 
prepare the resulting image for image analysis 
with the ArcImage program package. The 
ArcImage program measured several cell 
parameters, i.e. the cellular surface area, cellu-
lar perimeter, cellular circularity, maximum 
cell length, cell breadth perpendicular to the 
maximum length, and number of grooves 
spanned by a single cell. Furthermore, the 
angle of cellular orientation relative to the 
surface micro grooves was calculated. A dia-
gram with the evaluated parameters, except 
circularity, can be found in Figure 1. 
Figure 1   DIA parameters; α represents the angle of 
cellular orientation relative to the surface grooves. 
 
Circularity is defined as 
and ranges between 0 and 1. In the theoretical 
situation that circularity equals 0, the cell has 
a perfect linear shape. However, if circularity 
is 1, the cell is shaped as a perfect circle.  
 After gathering the numerical DIA 
data, these parameters were analyzed using 
univariate and general linear model pro-
cedures, including Scheffe's multi-comparison 
test. 
═════════════════════════════ 
TABLE I 
Dimensions of the micro events on the silicone 
rubber substratum surface (Gd=groove depth, 
Gw=groove width, Rw=ridge width, and P=pitch). 
 
 )(Perimeter
(Area)4=yCircularit 2
π
 
 
   Actual  values  
Surface Gd 
(μm) 
Gw 
(μm) 
Rw 
(μm) 
P (μm) 
 SilD00  ± 0.02  ----  ----  ---- 
 SilD02  0.45  1.71  1.68  3.87 
 SilD05  0.45  4.65  4.98  9.49 
 SilD10  0.46  9.58  9.77  18.98  
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Figure 2   Three dimensional representation of the results 
of the AFM measurements on a SilD02 substratum. 
Different X- and Y-axis magnifications were used in this 
plot to clarify the conformation of the substratum surface. 
The codes in this image represent the ridge width (Rw), 
the groove width (Gw), and the groove depth (Gd). 
 
RESULTS 
Surface characterization 
Surface inspection by SEM and AFM showed 
that the pattern of the parallel micro grooves on 
the substrata surfaces had no defects or irregu-
larities (Figure 2). However, AFM measure-
ments did show a slight deviation between the 
dimensions of the micro events on the silicone 
cast substrata and the designer values of the 
silicon moulds. These values can be found in 
Table I. 
 
Cell proliferation assay 
Figure 3 shows the proliferation curves of the 
RDFs cultured on surfaces with several parallel 
surface groove configurations. Statistical evalu-
ation of the proliferation data produced no 
evidence for a constant significant influence of 
the surface topography on the RDF proliferation 
rate. For example, on day 2 cell proliferation on 
SilD00 substrata was significantly higher than 
on SilD02 substrata (p=0.0001), while on day 5 
more RDFs were found on the SilD02 substrata 
than on the SilD00 surfaces (p=0.0020). 
 
Figure 3   Proliferation of RDFs on substrata with differ-
ent groove configurations (Average coefficient of vari-
ation= 14.76%), i.e. smooth silicone surfaces (SilD00), 
surfaces with 2 μm (SilD02), 5 μm (SilD05), and 10 μm 
grooves (SilD10). The proliferation data of the control 
group (CTRL) is also plotted (Average coefficient of 
variance= 7.04%). Statistical significant differences 
between CTRL and the silicone substrata were only found 
on day 7 (0.0001≤p≤0.0103). 
 
Digital Image Analysis (DIA) 
Figures 4 to 7 show representative phase con-
trast images of the RDFs on the various surfaces 
after 3 days of incubation. On the smooth 
substrata the RDFs are well spread and orien-
tated randomly (Figure 4). In contrast, the cells 
on the 2 μm grooved substrata appear to align in 
the direction of the grooves (Figure 5). Most of 
these RDFs have a highly elongated spindle 
shape. RDFs on the SilD05 and SilD10 substra-
ta show a more complicated picture (Figure 6 
and 7). On both substrata spindle shaped and 
flat, well spreaded RDFs can be seen. The cells 
on these surfaces are not aligned as strong as the 
RDFs on the SilD02 substrata. 
 DIA data confirmed this observed influ-
ence of the surface topography on the size, 
shape and orientation of the RDFs after the 
quantitative analysis of the measured cell 
parameters (Figure 1). RDFs were significantly 
smaller (0.0002≤p≤0.0472) on the SilD02 than 
on the other surfaces up to day 5 (Figure 8). 
Evaluation of the RDF perimeter showed that 
the size of the cell perimeter was not affected 
significantly by the surface topography. 
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Figure 4   Phase contrast image of RDFs on a SilD00 
substratum (bar=50 μm). The random cellular orientation 
is evident. 
 
Figure 5   Phase contrast image of RDFs on a SilD02 
surface (bar=50 μm). The cells are strongly aligned and 
elongated along the grooves. 
 
However, RDFs were more circular on the 
smooth substrata (pday 3-7=0.001) and CTRL 
surfaces (pday 1-7=0.001) than the cells on the 
textured substrata (Figure 9). In addition, 
RDFs on the grooved surfaces were signifi-
cantly longer than the cells on the smooth sub-
strata (0.0001≤pday 2-7≤0.0066) and CTRL 
surfaces (0.0001≤pday 2-7≤0.0349). The breadth 
of the RDFs on the SilD02 and SilD05 sub-
strata was significantly smaller  
(0.0001≤pday 1-7≤0.0184) than the breadth of 
the cells on the SilD00 and CTRL surfaces. 
The breadth of the RDFs on the SilD02  
surfaces proved to be the smallest, while no 
Figure 6   Phase contrast image of RDFs on a SilD05 
substratum (bar=50 μm). The RDF orientation is not as 
clear as on the SilD02 surfaces. 
 
Figure 7   Phase contrast image of RDFs on a SilD10 
surfaces (bar=50 μm). The orientation of the RDFs 
resembles that of the cells on the SilD00 substrata. 
 
difference in breadth was observed between 
the RDFs on the SilD10 substrata and the 
cells on the SilD00 and CTRL surfaces.  
 Quantitative digital image analysis 
also demonstrated that the angle of cellular 
orientation (α) relative to the surface grooves 
(Figure 1) was the smallest on the SilD02 
surfaces during the first 5 days of incubation 
(Figure 10). This angle proved to be larger 
with the cells cultured on the SilD05 sub-
strata, while the largest angle of orientation 
was found on the SilD10 surfaces. After 7 
days of incubation the angles were compar-
able for the RDFs on the SilD02, SilD05, and 
SilD10 substrata. In  
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Figure 8   Average RDF surface area on the various 
surfaces in square microns (CVaverage= 17.85%). The 
surface area of the cells on the SilD02 substrata is the 
smallest. 
 
 
 
 
 
Figure 9   Average circularity of the RDFs on the various 
surfaces (Average coefficient of variance= 4.60%). The 
cells on the SilD00 and CTRL surfaces are rounder than 
the RDFs on the textured substrata. 
 
Figure 11 the range of the measured angle of 
cellular orientation relative to a virtual X-axis 
is plotted. This graph shows that the range of 
this angle is the smallest with the RDFs on the 
SilD02 substrata, while it is the largest with 
the cells cultured on the SilD10 surfaces. 
 Finally, the phase contrast images 
(Figure 4-7) also show that the RDFs were 
able to span the grooves on the textured sur-
faces. Apparently, the dimension of the 
Figure 10   Average angle of RDFs orientation relative to 
the surface grooves. Especially the RDFs on the SilD02 
substrata (1.67≤SD≤4.37), but also the cells on the SilD05 
surfaces (3.02≤SD≤6.28) are orientated along the surface 
grooves. RDFs on the SilD10 substrata (3.76≤SD≤13.74) 
are randomly aligned considering the average angle of 
orientation of 45°. 
 
 
Figure 11   The range of the angle of RDF orientation. As 
a result of contact guidance, the range of cellular 
orientation is much smaller among RDF on the SilD02 
substrata than on the SilD10 surfaces. 
 
grooves did not influence the ability of the 
RDFs to span these micro events. For 
example, on day 1 the RDFs on the SilD02, 
SilD05 and SilD10 substrata spanned an aver-
age of 7.10, 3.85, and 2.1 grooves 
respectively. Further evaluation of this data 
showed that the number of the grooves that 
were spanned decreased after more days of 
incubation. In order to compare this decrease 
of the cells on the various textured surfaces, 
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the grooves spanned on day 1 were defined as 
100%. The number of grooves spanned on the 
following days was calculated as a fraction of 
this percentage (Figure 12). Although the 
dimension of the grooves on the various 
surfaces was different, the decrease of the 
number of spanned grooves did not differ 
significantly. 
 
CONCLUSIONS AND DISCUSSION 
On basis of the results, it can be concluded 
that the dimensions of the parallel surface 
grooves as used in our experiments, did not 
result in a higher RDF proliferation rate. This 
observation is in contrast with the findings of 
Green et al., and Ricci et al. For example, 
Green et al.16 reported that especially 
abdomen fibroblasts (CCD-969sk) cultured on 
surfaces with 2.0 and 5.0 μm square pillars 
showed increased proliferation rates. Ricci et 
al.17 evaluated the in vitro growth of rat 
tendon fibroblasts and rat bone marrow 
colonies on unidirectional (grooved) surface 
micro geometries. They found that the overall 
colony growth rate was changed, and con-
cluded that surface microgeometry could be 
used to control the growth rate at implant 
surfaces. However, this study by Ricci also 
showed that the response to surface topogra-
phy is dependent on cell type, which could 
take account for the results in our present and 
earlier studies12, 18-20, that show no correlation 
between microtextured surfaces and RDF 
proliferation. 
 With respect to our proliferation results 
it has to be mentioned that RFGD resulted in an 
optimal cell culture surface, since results proved 
to be comparable with tissue culture 
polystyrene. Nevertheless, it is still possible that, 
for instance the amount and composition of 
secreted proteins is different between cells 
cultured on smooth and textured surfaces, 
especially since DIA data showed a marked 
influence of the surface grooves on the shape, 
size, and orientation of the RDFs. In addition, 
stronger contact guidance was observed on 
 
Figure 12   Percentage of RDF groove span. The total 
number of grooves spanned on day 1 is defined as 100%. 
The decrease of the number of grooves spanned by the 
cells is not significantly influenced by the dimension of 
the grooves. 
 
the SilD02 and SilD05 substrata than on the 
SilD10 surfaces. This becomes even more 
evident when the alignment criteria that Clark 
et al.21 suggested, are applied on the data 
plotted in Figure 10. These investigators 
defined a population of cells as highly aligned 
when the long axis of these cells makes an 
angle of <10° with the direction of the 
grooves. Review of the data in Figure 10 
shows that the cells on the SilD02 substrata, 
and occasionally on the SilD05 surfaces, have 
an orientation which lies between 0° and 10°. 
Therefore, these cells have to be considered as 
highly aligned. These observations support 
the findings of other studies12, 16, 18-19, 22, which 
conclude that surface features in the range of 
1.0-5.0 μm have a high capability to induce 
cell guidance. Furthermore, it has to be noted 
that these findings were based on the result of 
a semi-automatic analysis procedure, which 
eliminates possible bias that could be present 
with an optical method as used by Clark et 
al.21. At this point, it is also appropriate to 
mention that the incubation period in our 
study ranged from 1 to 7 days, which is longer 
than in other studies. The significance of this 
prolonged incubation has been proven by the 
fact that all the data show that after 7 days the 
influence of the microtextured surfaces on 
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cellular behaviour decreases. This reduction 
might be caused by the formation of cell-cell 
contacts23. Consequently, it can be supposed 
that the observed guidance phenomenon is an 
initial response of cells to certain 
microtextured surfaces, which is gradually 
lost after prolonged incubation. Still, it should 
also be noted that the process of wound 
healing is a multi-factorial process in which 
many cell types and activation mechanisms 
play a role. This makes it difficult to apply the 
results of in vitro studies to in vivo studies. 
Therefore, the possible consequence of our 
finding for the final clinical use of surface 
micro geometry in the design of implants can 
only be questioned and has to be investigated 
in in vivo studies. 
 Comparison of our results with other 
studies4, 7-8, 17, 21-22, 24-26 demonstrates that in 
most studies substrata were used with grooves 
of at least 1.0 μm deep, and not 0.45 μm. 
Despite this difference a similar influence on 
cellular alignment was found. This proves that 
the behaviour of RDFs can already be influ-
enced by very shallow grooves. 
Unfortunately, no comparable numerical data 
are available from the other studies. This 
makes it impossible to investigate the 
existence of quantitative differences 
concerning the effect of the groove depth on 
the cellular interactions. 
 Our study confirmed the influence of 
surface microgeometry on fibroblast behav-
iour. The mechanisms of this phenomenon 
however, still remains unknown. As hypothe-
sized by Meyle et al.25, it is possible that the 
strong induction of contact guidance by 2.0, 
and to a lesser extent by 5.0 μm grooves, 
indicates at the need of cells for mechanical 
stabilization against interfacial motion and 
improved initial cell adhesion purely by 
mechanical interlocking. Another explanation 
could be that the orientation and alignment of 
cells on microtextured surfaces are a part of 
the cellular efforts to reach a biomechanical 
equilibrium with the net sum of forces mini-
mized27-28. It is possible that the anisotropic 
geometry of the grooves and ridges 
establishes stresses and shear-free planes that 
influence the direction of microtubule 
growth26 in order to create a force economic 
situation. Although economic force manage-
ment is a common matter in nature, it does not 
explain the differences in susceptibility to 
topographical guidance that are found 
between different cell types21. This might be 
caused by functional differences between the 
cells in an in vivo situation, which can result 
in a difference in cytoskeleton organization21. 
This hypothesis needs to be investigated 
thoroughly in view of the recent findings 
which suggest that the altered cell-substratum 
interactions can be based on the resemblance 
of these surfaces with the topography of 
fibrillar extracellular matrix23. 
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INTRODUCTION 
The field of biomaterials is slowly changing. 
Although biocompatibility is still defined as 
the ability of a material to perform with an 
appropriate host response in a specific 
application1, recent research has shown that 
various physicochemical and geometrical 
material surface properties can be used to 
modulate the accompanying host response2-5. 
This makes it possible to engineer future 
biomaterials that provoke a specific biological 
response, resulting in an unique healing pro-
cess. Physicochemical properties that have an 
effect on tissue behaviour are surface charge, 
surface energy, and surface oxidation5-6. 
Geometrical surface properties that can 
influence cellular interactions are shape, size, 
and topography of a surface. The latter is not 
only limited to surface conditions like 
roughness or curvature, but also includes 
microtextured surfaces with a standardized 
surface roughness. For example, in vitro ex-
periments have already demonstrated that sur-
faces possessing micro grooves induce 
orientation of fibroblasts3, 6-7. This phe-
nomenon is also known as "contact 
guidance"8. In two previous studies6-7, we 
reported that especially surfaces with a 2.0 μm 
groove - 2.0 μm ridge configuration were able 
to induce strong orientation and elongation of 
the fibroblasts cultured on these substrata. 
Surfaces with 10.0 μm grooves and ridges 
however, did not orientate the cells. All the 
grooves in those experiments were 0.45 μm 
deep. Furthermore, we found that the prolifer-
ation rate of the rat dermal fibroblasts cultured 
on the microtextured surfaces was changed by 
the wettability of the surface6, but not by the 
different micro events on the substratum 
surface6-7.  
 Although the influence of 
microtextured surfaces on the cellular 
behaviour is evident, very little is known 
about the fundamentals and basic mechanisms 
of this phenomenon. Several hypotheses have 
been proposed to explain this specific cellular 
behaviour. Some investigators suggest that the 
fibroblasts not only orientate, but also con-
form to the topography of the biomaterial 
surface, thus leading to mechanical inter-
locking9. Others6-7, 10-11 argue that cells on 
microtextured surfaces are able to rearrange 
their architecture in a three dimensional 
orientation to establish an equilibrium of 
internal and external forces. This could result 
in a relaxed cytoarchitecture, which favours 
cellular differentiation. 
 Considering these theories, it can be 
questioned whether cells react in a 
comparable way to surfaces with different 
geometrical compositions. By varying the 
groove width, ridge width, and groove depth 
of a standardized parallel groove pattern 
separately, it will be possible to determine 
which of these features induces the observed 
contact guidance. Furthermore, it will be 
possible to evaluate the impact and 
importance of the dimensional changes of 
specific surfaces features on the cellular 
behaviour. Therefore, the aim of this study 
was to quantify the possible changes in 
fibroblast morphology and orientation after 
culturing these cells on micro grooved sur-
faces with various dimensional configur-
ations. 
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TABLE I 
Dimensions of the micro features on the substrata 
surfaces (Gd=groove depth, Gw=groove width, 
Rw=ridge width, and P=pitch). 
 
═════════════════════════════ 
 
MATERIALS AND METHODS 
The substrata 
The experimental substrata were produced as 
described earlier3, 6, 12-13. Briefly, photoli-
thography was used to produce a total of 10 
different textured silicon oxide wafers with 
different surface configurations (Table I). 
 In order to obtain the final experimen-
tal substrata, the smooth and grooved silicon 
oxide wafers were used as moulds, and 
covered with polydimethylsiloxane (silicone 
elastomer MDX 4-4210, Dow Corning) to 
produce a surface replica. After polymeri-
zation, the silicone rubber castings were 
peeled off the moulds and cut into small round 
discs of 175 mm2. These substrata were then 
washed manually in a 10% Liquinox solution 
(Alconox Inc.), rinsed, cleaned ultrasonically 
for 30 minutes in a 1% Liquinox solution, and 
given two 15 minute ultrasonic rinses in 
distilled, deionized water. Subsequently, they 
were given a Soxhlet rinse for 12 hours in 
distilled, deionized water. Finally, the substra-
ta were air-dried and prepared for cell culture 
purposes by radio frequency glow discharge 
(RFGD) treatment (PDC-3XG, Harrick; 
Argon, 0.15 Torr, 5 minutes). After RFGD 
treatment, the quality and dimensions of the 
micro features on the substrata were 
confirmed by scanning electron microscopy 
(SEM; JEOL 6310) and confocal laser 
scanning microscopy (CLSM; Zeiss LSM 
410). 
 
Cell culture 
Rat dermal fibroblasts (RDFs) were isolated 
from ventral skin grafts, taken from male 
Wistar rats, 40 to 43 days of age (100-120 
gram). After dissociation, these cells were 
incubated (37°C, 5% CO2-95% air) in α-
MEM with Earl's Salts and with L-glutamine 
(Gibco), supplemented with 10% (v/v) heat 
treated fetal calf serum (Gibco), 2.5 μg ml-1 
amphotericin B (Gibco) and 50 μg ml-1 
gentamicin (Gibco). After approximately 3 
days of culturing the RDFs were rinsed with 
phosphate buffered saline without magnesium 
and calcium (PBS Dulbeco; pH 7.2), supple-
mented with 5 μg ml-1 amphotericin B and 
100 μg ml-1 gentamicin to remove non-
attached cells. Subsequently, the growth 
medium was added and replaced every two 
days by fresh growth medium. Upon 
confluence, the RDFs were detached by 
trypsinization [0.25% (w/v) crude trypsin and 
1 mM EDTA (pH 7.2)] and resuspended at a 
lower cell concentration in fresh growth 
medium. After identifying the cells as 
fibroblasts by phase contrast morphology ana-
lysis14, the fifth generation of these cells was 
used for all experiments. 
 Substrata with a smooth or 
microtextured surface were placed in the cul-
ture wells of 24 well plates (Greiner). After 
positioning the substrata, the surface grooves 
were examined with phase contrast micro-
Surface  Gd 
 (μm) 
 Gw 
 (μm) 
 Rw 
 (μm) 
 P 
 (μm) 
 A  ----  ----  ----  ---- 
 B  1.00  1.00  1.00  2.00 
 C  1.00  1.00  2.00  3.00 
 D  1.00  1.00  4.00  5.00 
 E  1.00  1.00  8.00  9.00 
 F  1.00  4.00  1.00  5.00 
 G  1.00  8.00  1.00  9.00 
 H  0.45  2.00  2.00  4.00 
 J  0.45  5.00  5.00  10.00 
 K  0.45  10.00  10.00  20.00 
 CTRL  ----  ----  ----  ----  
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scope (Leitz DMIL). Subsequently, approxi-
mately 1.0 x104 viable RDFs ml-1, suspended 
in sterile growth medium, were added to each 
substratum. RDFs cultured in wells containing 
no substratum served as a control group 
(CTRL). The cells were incubated on a speci-
fic substratum for 5 days (37°C, 5% CO2-95% 
air) under static conditions. Growth medium 
was changed every two days. Every substra-
tum configuration was tested in quadruplicate. 
 
Digital Image Analysis (DIA) 
The effect of the surface microgeometry on 
the cellular morphology was quantified by 
digital image analysis (DIA) as described 
earlier by den Braber et al.7. In short, RDFs of 
six evaluation areas were photographed by 
phase contrast microscopy during incubation 
on day 1, 2, 3, 4 and 5. The evaluation areas 
were selected by dividing the substratum sur-
face in 740 possible fields of observation of 
584.4 μm x 412.5 μm. Each of these fields 
was given a number, which was entered in a 
randomization program. Thus, a total of 4 
randomly selected evaluation areas and the 
field at the centre of each substratum were 
photographed. Registration of the coordinates 
of these areas assured that the same areas 
were observed and photographed during the 
entire period of incubation. 
 The phase contrast photographs were 
scanned digitally (400 dpi x 400 dpi) and ana-
lyzed with an Acorn R260 computer (RiSC 
processor), the ArcImage 5 for the HAWK 
V12 frame grabber software package (Foster 
Findlay Associates, UK) and additional self 
programmed software. In-house written rou-
tines were used to trace all RDFs in each digi-
tal phase contrast image and to prepare the 
resulting data for image analysis with the 
ArcImage software package. The ArcImage 
program measured several cell parameters, i.e. 
the cellular surface area, cellular perimeter, 
cellular circularity, maximum cell length, cell 
breadth perpendicular to the maximum length, 
the angle of cellular orientation relative to the 
 
Figure 1   Schematic representation of a RDF on a micro-
textured substratum. The parameters measured during 
DIA were the RDF surface area (white area within per-
imeter), the longest length of the cell (L), the cellular 
breadth (B), perimeter (P), circularity (not shown), angle 
of cellular orientation (α), and the number of pitches 
spanned by the cell (N). 
 
surface grooves, and number of pitches 
spanned by a single cell. A schematic 
representation of these parameters, with the 
exception of the parameter circularity, can be 
found in Figure 1. This parameter is defined 
as 
resulting in a number between 0 and 1. If this 
equation equals 0, the cell has a perfect linear 
shape, but when circularity is 1, the cell is 
shaped as a perfect circle. 
 After gathering the numerical DIA 
data, these parameters were analyzed using 
univariate, multiple regression, and the 
nonparametric Kruskal-Wallis models (SAS, 
release 6.03, SAS Institute Inc., USA). 
 
RESULTS 
Surface characterization 
SEM investigations showed that the parallel 
grooved surfaces had no defects or 
irregularities. 
 )(Perimeter
(Area)4=yCircularit 2
π
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Figure 2   Results of the CLSM surface analysis of a B (left) and a K (right) substratum. Three dimensional surface 
representations are given, which are composed out of 256 optical Z sections. Right of the 3D surface profiles, the size of 
the scanned area (30 μm² and 67 μm² respectively) and difference in X vs. Z axis enlargement can be found (1:1.64 and 
1:3.71). The codes accompanying the Z sections at the bottom represent the groove width (Gw), the ridge width (Rw), and 
the groove depth (Gd). 
CLSM measurements demonstrated that the 
dimensions of the features on the substrata 
surfaces were well within tolerance levels 
(Figure 2). The dimensions of the specific 
micro features can be found in Table I. In 
addition, the optical Z sections showed that 
the walls of the grooves on the H, J, and K 
substrata were not as steep as on the other 
microtextured substrata. Also some small light 
diffraction peaks were observed on all the 
 
Figure 3   Phase contrast image of RDFs on a smooth 
substratum (A) after 2 days of incubation (bar=100μm). 
The cells are well spread and randomly orientated. 
 
 
substrata. These artifacts were most prominent 
on the K substrata (Figure 2). 
 
Digital Image Analysis (DIA) 
Figures 3 to 7 show representative phase con-
trast images of the RDFs cultured on a smooth 
substrata and surfaces with different groove 
configurations. Figure 3 shows RDFs on a 
smooth (A) substratum surface. These cells 
were well spread, multipolar, orientated 
 
Figure 4   Phase contrast image of RDFs on a B sub-
stratum (Gw 1.0 μm, Rw 1.0 μm, Gd 1.0 μm, bar=100 
μm) on day 1. The cells are highly aligned and elongated 
along the surface grooves. 
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randomly, and showed a morphology similar 
to the RDFs on the CTRL surfaces (data not 
shown). Fibroblasts on the grooved substrata 
showed a wide variety of shapes and angles of 
orientation relative to the surface grooves. For 
example, the cells on the B and C substrata 
appeared to be orientated strongly to the 
surface grooves. Most of these RDFs had a 
highly elongated spindle shape. RDFs on the 
F, G, and H substrata however, appeared to be 
orientated along the surface grooves, although 
these cells were not elongated as highly as 
those on the B and C surfaces. In contrast, the 
cellular orientation of the cells on the D, E, J, 
and K surfaces was less clear. Especially 
orientation of the RDFs on the E, J, and K 
substrata did not seem to be affected by the 
micro features on the substratum surface, 
while the cells on the D surface appeared to 
be orientated slightly by the grooves. The 
shape of the fibroblasts on these last substrata 
was quite diverse. Spindle shaped, elongated 
cells could be seen, but spread, multipolar 
fibroblasts were also present. Finally, careful 
examination of the phase contrast images also 
showed that the cells on the textured surfaces 
seemed to attach to the ridges of the 
micropattern. This is best demonstrated by the 
photographs of the RDFs on the G and H sub-
strata (Figures 6 and 7). These cells possess 
several protrusions that end on the (darker 
coloured) ridges that are situated between 
grooves (Figure 2). 
 In order to quantify the DIA parame-
ters (Figure 1), a total of 5217 cells were 
traced and evaluated. The quantitative 
analyses proved that the surface area of the 
RDFs on the B,C, and F substrata were 
significantly smaller (0.0001≤p≤0.0449) than 
the cells on the A, E, or CTRL surfaces 
(Figure 8). RDFs on the D, G, H, J, and K 
substrata did not show a clear difference in 
surface area, compared to the cells on the 
surfaces mentioned earlier. For example, the 
surface area of the RDFs on the G substrata 
was signifi cantly smaller (0.0001≤p≤0.0127) 
Figure 5   Phase contrast image of RDFs on an E substra-
tum (Gw 1.0 μm, Rw 8.0 μm, Gd 1.0 μm, bar=100 μm) on 
day 2. Spreading and orientation are random. 
 
Figure 6   Phase contrast image of RDFs on a G substra-
tum (Gw 8.0 μm, Rw 1.0 μm, Gd 1.0 μm, bar=100 μm) on 
day 1. These substrata are a negative replica of the E sub-
strata (Figure 5). Although the cells are not as elongated 
as on the B (Figure 4) substrata, they are clearly orien-
tated. Cell protrusions attach to the ridges (½ ¾). 
 
Figure 7   Phase contrast image of RDFs on an H substra-
tum (Gw 2.0 μm, Rw 2.0 μm, Gd 0.45 μm, bar=100 μm) 
on day 1. Elongated, orientated RDFs can be seen, 
although Gd is smaller than on the B-G substrata. Ridge 
contacting cell protrusions can be seen (½ ¾). 
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Figure 8   Average RDF surface area on the various 
surfaces in square microns. The area of RDFs on the B, C, 
and F substrata is significantly smaller compared to the 
area of the A, E, and CTRL surfaces (0.001≤p≤0.0449). 
 
Figure 9   Average cell breadth of the RDFs on the 
various surfaces. The breadth of the RDFs on the B, C, F, 
and G substrata is significantly smaller than the breadth of 
the cells on the A, E, K, and CTRL surfaces 
(0.0001≤p≤0.0117). 
 
 
 
on day 1 to 3 than the area of the cells on the 
A, E, and CTRL surfaces. The area of the 
cells on the G, and the B and C substrata did 
not differ significantly. However, on day 4 
and 5 the opposite was found, since the area 
of the RDFs on the G, B, and C substrata did 
differ significantly, (0.0001≤p≤0.0263), while 
the cells on the G, A, E, and CTRL substrata 
did not. 
Figure 10   Average circularity of the RDFs on the 
various surfaces. The cells on the A, E, and CTRL 
surfaces are rounder than the RDFs on the B, C, F, and G 
substrata (0.0001≤p≤0.0469). 
 
Figure 11   Average angle of RDF orientation relative to 
the surface grooves. Especially the RDFs on the B, C, G, 
and H substrata are orientated along the surface grooves 
(≤ 10°). The RDFs on the F substrata are not orientated as 
strongly as the cells on these surfaces. The cells on the D, 
E, J, and K substrata clearly have a cellular orientation of 
≥ 10°. 
 
 
 Concerning the measured perimeter 
and (maximum) length of the RDFs (Figure 1) 
no continuous, strong significant differences 
were found (data not shown). For the parame-
ter breadth however (Figure 9), it was found 
that the cell breadth of the RDFs on the B, C, 
F, and G substrata was significantly smaller 
(0.001≤p≤0.0117) than the breadth of the cells 
on the A, E, K, and CTRL surfaces. The plots 
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representing the breadth of the cells on the D, 
H, and J substrata (not shown) were posi-
tioned in an area between the cell breadth 
plots of the A, E, K, and CTRL surfaces and 
the B,C, F, and G substrata (Figure 9). The 
breadth of these cells did not differ 
significantly from the cell breadth plots of the 
upper (A, E, K, CTRL) or the lower margin 
(B, C, F, G). 
 Analysis of the RDF circularity 
(Figure 10) showed that the cells on the A, E, 
and CTRL surfaces were significantly rounder 
than the cells on the B, C, F, and G substrata 
(0.001≤p≤0.0469). The plots of the fibroblasts 
on the D, H, J, and K substrata (not shown) 
could be found in the area between these 
plots, with the A, E, and CTRL plots marking 
the upper margin,and the B, C, F, and G plots 
representing the lower margin of this area. 
 DIA also calculated the angle of cellu-
lar orientation relative to the surface grooves 
(α; Figure 1). The results of these computa-
tions (Figure 11) showed that the cells on the 
B, C, G, and H substrata were significantly 
stronger orientated (0.001≤p≤0.0466) along 
the surface grooves than the fibroblasts on the 
D, E, F, J, and K substrata.Orientation of the 
RDFs on the F substrata was more complex. 
On day 1, 3 and 4 the cellular orientation of 
these cells was not significantly different 
compared to the orientation of the RDFs on 
the B, C, G, and H substrata (p≥0.1213). On 
the other hand, the orientation of these cells 
did differ significantly from the orientation of 
the RDFs on the D, E, J, and K substrata on 
day 1, 2, 4, and 5 (0.001≤p≤0.0122). 
 The phase contrast images in Figure 3 
to 7 also show that the RDFs were able to 
span several grooves and ridges on the tex-
tured surfaces. DIA counted the number of 
pitches spanned by a single cell. On day 1 for 
example, the RDFs on the B, C, D, E, F, G, H, 
J, and K substrata spanned 15.51, 12.66, 6.80, 
3.94, 10.36, 1.16, 5.15, 2.30, and 1.89 pitches 
respectively. Additionally, the average 
 
Figure 12   Percentage of RDF pitch span. The total num-
ber of pitches spanned on day 1 is defined as 100%. The 
number of pitches spanned by the RDFs is lower on the B 
and F surfaces than on the C, D, E, G, H, J, and K substra-
ta. This is only significant for the cells on the F substrata 
up to day 3 (0.0001≤p≤0.0369). 
 
number of pitches that were spanned by a 
single RDF on day 1 was defined as 100 per-
cent, thus making comparison between the 
different textured surfaces possible. The 
results of these calculations are shown in 
Figure 12. Although this graph suggests that 
the number of pitches spanned by the RDFs is 
lower on the B and F surfaces than on the C, 
D, E, G, H, J, and K substrata, statistical 
evaluation proved that this difference was 
only significant for the cells on the F substrata 
up to day 3 (0.0001≤p≤0.0369). Furthermore, 
Figure 12 shows that pitches spanned by the 
RDFs on the G substrata increases on day 2 
and remains on a high level. Since the patterns 
on the D and F substrata, and the E and G 
substrata were a direct negative replica of 
each other (Table I), direct statistical testing 
without a conversion to percentile values was 
possible. These evaluations showed that up to 
day 4 the pitch span of the RDFs on the F 
substrata was significantly lower (0.0001≤pday 
1-4≤0.0004) than on the D surfaces. Further-
more, this procedure showed that the pitch 
span by the cells was significantly lower 
(0.0001≤pday 1-5≤0.0122) on the E substrata 
than on the G surfaces. 
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DISCUSSION AND CONCLUSIONS 
Results of this study confirm our earlier find-
ings6-7 that a microtextured surface can induce 
orientation of the RDFs cultured on these sur-
faces. DIA and statistical analysis demonstrate 
that the degree of cellular orientation relates to 
the dimensions of the micro features on the 
surface. This becomes even more evident 
when the alignment criteria that Clark et al.15 
suggested, are applied on the data plotted in 
Figure 11. These investigators defined a popu-
lation of cells as highly aligned when the long 
axis of these cells makes an angle of <10° 
with the direction of the grooves. Review of 
the data in Figure 11, shows that the cells on 
the B, C, G, and H substrata, and occasionally 
on the F surfaces, have an orientation which 
lies between 0° and 10°. Therefore, these cells 
have to be considered as highly aligned. 
 Further review of the DIA results 
concerning RDF size and shape shows that 
cells cultured on surfaces with small grooves 
and especially small ridges like the B, C, and 
F substrata, have a significant smaller surface 
area and cell breadth, while no differences 
were found in cellular perimeter and length. 
These findings are supported by the measured 
parameter circularity, which shows that cells 
cultured on finely grooved surfaces are less 
circular than RDFs cultured on smooth sur-
faces. The correlation between these results is 
quite clear. Since more circular cells possess a 
cell breadth that is equal or almost equal to the 
maximum cell length, their area will be larger 
than the area of the elongated cells which 
possess a smaller cell breadth. This suggests 
that the elongated cells on microtextured sur-
faces change their size by reducing their cell 
breadth. Although these results are rather 
straightforward, it is important to note that 
phase contrast microscopy is a method that 
results in a two dimensional picture, not giv-
ing any information about the volume of the 
cell. Therefore, it is possible that the elon-
gated RDFs are not as flat as the circular cells. 
This information could be important in deter-
mining whether the elongated cells reduce 
their size, or just change their shape. Size 
change would mean that the RDFs cultured on 
microtextured surfaces would actually have a 
smaller cell volume, where shape change 
suggests altered cell dimensions by an uni-
form cell volume. Recent reports by other 
authors16 suggest that optical sectioning with a 
confocal laser scanning microscope (CLSM) 
could provide more information on this sub-
ject, i.e. cell volume. 
 Evaluation of the data retrieved during 
this study also clearly indicates that the width 
of the ridge is mainly responsible for the con-
tact guidance of the RDFs on the 
microtextured surfaces. This corroborates the 
findings of Dunn et al.17, Green et al.18, and is 
supported by the following results of this 
study. First, the data plotted in Figure 11 
shows that the average angle of cellular 
orientation (α) of RDFs cultured on the B, C, 
F, G, and H substrata is ≤ 10°. The micro-
patterns on these substrata surfaces possess a 
ridge width of 1.0, 2.0, 1.0, 1.0 and 2.0 μm 
respectively, but have different groove width 
and depth. However, if the ridge is ≥ 4.0 μm, 
as with the D, E, J, and K surfaces (Figure 
11), α results in an angle larger than 10°, even 
when the groove width and/or groove depth 
are identical to these dimensions on the 
"orientating" substrata (Table I). Slight 
orientation (10°<α< 45°) can be found with 
the RDFs on the D substrata which possess a 
ridge width of 4.0 μm. In contrast with this, 
the cellular orientation on the surfaces with 
larger ridges like the E, J, and K substrata is 
random, which can be deduced from the fact 
that α≈45°. Second, Figure 11 also demon-
strates that the surface parameters groove 
width and groove depth are considerably less 
important for RDF orientation than the para-
meter ridge width. The data plotted in this 
graph shows that the RDFs on the B, C, F, G, 
and H substrata are orientated closely along 
the surface grooves, although the groove 
width measures 1, 2, 4, 8, and 2 μm 
  
63 
respectively. The same principle applies to the 
groove depth. Although the H substrata 
possess grooves of only 0.45 μm deep, no sig-
nificant differences in RDF orientation were 
observed, when compared to the B, C, F, and 
G surfaces with 1.0 μm deep grooves. This is 
in accordance with reports by Dunn et al.17, 
but differs from results published by Clark et 
al.15-19, who concluded that groove depth is 
the most important dimension of parallel 
grooved substrata influencing the orientation 
of cells. However, Curtis and Clark20 also 
concluded that these effects vary from one 
cell type to the other. Third, the phase contrast 
images show that RDFs probably attach speci-
fically to the ridges of the surface pattern. 
This is particularly clear with the RDFs on the 
G (Figure 6) and H substrata (Figure 7). Care-
ful examination of these photographs reveals 
that the RDFs on these substrata possess cell 
protrusions that end on, and seem to attach to 
the ridges. These possible attachments to the 
ridges could be associated with surface free 
energy changes caused by the manufactured, 
standardized roughness of the substratum 
surface21-22. If the surface energy is more 
preferable on the ridges, the deposition pattern 
of the substratum bound attachment proteins 
will be influenced23-25. This could result in the 
formation of cell-substratum bound contacts 
primarily on the ridges of the surface micro-
patterns. The significance of this finding is 
that surface free energy differences are pro-
duced on one and the same material by chang-
ing the surface topography. The surface free 
energy differences in the work of others23-25 
was achieved by differing the surface chemis-
try. Consequently, the effect of surface free 
energy and surface chemistry was separated 
here. This hypothesis is supported by the 
work of Meyle et al.3, who reported numerous 
focal adhesion sites on the cellular periphery 
of gingival fibroblasts which were cultured on 
silicone surfaces with parallel surface micro 
grooves. 
 
Figure 13   Schematic drawing showing that, on a ridge 
< 4.0 μm, a linear focal adhesion plaque can orientate only 
parallel to the surface groove/ridge. Hence, 0°<α<10°. 
However, if the ridge width >4.0 μm, the possible angles 
of orientation (α) increases, resulting in a random cellular 
orientation (α≈45°). 
 
After producing a reflection con-
trast/fluorescence image by dual channel 
CLSM, it could be seen that the vinculin posi-
tive attachment sites were located on the 
ridges of the silicone microtextured sub-
stratum. Furthermore, Ohara and Buck26 sug-
gested that focal adhesion plaques are linear 
structures of 0.25-0.5 μm wide and 2.0-10.0 
μm long. Since the geometrical dimensions of 
these plaques are so specific, only one major 
orientation of attachment is possible, which is 
parallel to the surface grooves and ridges 
(Figure 13). Accordingly, a cell attaching to a 
microtextured surface with small ridges will 
orientate itself parallel to these ridges. Still, it 
has to be noted that our results show a 
decrease of RDF orientation on substrata with 
a ridge size of ≥ 4.0 μm. This could be 
explained by the observation of Izzard and 
Lochner27, that there is a possible minium 
length of 2.0 μm required for focal contacts to 
provide adhesion. Therefore, if the ridge 
width increases, the possible orientation of 
adhesion plaque attachment can increase, thus 
resulting in cell attachment with a larger angle 
of cellular orientation (Figure 13). Finally, 
reviewing the results of this study, it can not 
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be excluded that the observed cell-substratum 
interactions are based on the resemblance of 
these microtextured surfaces with the topogra-
phy of the fibrillar extracellular matrix28, 
causing the cell to transform and differenti-
ate5. If this proves to be true, it is clear that 
these surfaces could contribute to the process 
of wound healing around implants surfaces. 
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INTRODUCTION 
The role of the texture of materials in 
inducing cell and tissue responses is still 
unclear. In spite of the fact that several 
publications and reviews1-7 do report on the 
effects of microtextured surfaces, little is 
known about the exact mechanism whereby 
surface topography exerts its effects. Several 
theories have been suggested however. First, 
it has been hypothesized that wettability plays 
a role in these phenomena. A microtextured 
surface could possess local differences in 
surface free energy, which promote a specific 
deposition pattern of the substratum bound 
attachment proteins2-3, 8-10. In addition, the 
spatial arrangement of the adsorbed proteins11-
13 and the conformation of these proteins14-15 
would be influenced by these substratum 
surface properties. Second, it has been 
suggested that the specific geometrical dimen-
sions of the focal adhesion plaques force a cell 
on a surface with small grooves and ridges to 
orientate itself parallel to these ridges16-17. 
This hypothesis is based on the observation 
that a minium length of 2.0 μm is required for 
focal contacts to establish adhesion18. This 
implies that, if the ridge width increases, 
multiple vectors of adhesion plaque 
orientation are possible, enabling less 
orientated cell attachment. Finally, a third 
hypothesis19-20 supposes that the orientation 
and alignment of cells on microtextured sur-
faces are a part of the cellular efforts to reach 
a biomechanical equilibrium with the net sum 
of forces minimized. This phenomenon has 
for instance been described extensively in the 
so-called tensegrity models19-21. According to 
these models, it is possible that the anisotropic 
geometry of substratum surface grooves and 
ridges establishes stresses and shear-free 
planes that influence the direction of micro-
tubule22 and microfilament growth23-24 in 
order to create a force economic situation. 
 Given the current available 
information, it is impossible to express an 
opinion on which or whether one of these 
hypotheses is true. On the other hand, several 
separately performed studies report that 
surface microtextures can have a profound 
effect on specific elements of the cytoskeleton 
like for example the microfilament bundles23-
26, focal contacts16, and microtubules22. 
Although these separate studies provide a 
very useful insight on these specific cellular 
components, none of these reports combine 
the findings on the cytoskeletal components, 
attachment complexes, and extracellular 
matrix (ECM) proteins in a general overall 
analysis to investigate the interaction of these 
individual components in the process of 
cellular orientation, elongation, and attach-
ment on microtextured surfaces. Still, such a 
study appears to be mandatory, since one of 
the future goals in the biomaterials research 
area is to apply topographical surface 
mechanisms on implants to manipulate the 
healing response of regenerating tissues1-3. 
Therefore, rat dermal fibroblasts (RDFs) were 
cultured on microgrooved silicone rubber 
substrata during this study. After incubation, 
confocal laser scanning microscopy and sev-
eral digital techniques were used to investi-
  
  
70 
gate the relationship between the 
microfilament bundles, attachment complexes 
with vinculin as a marker, ECM proteins 
fibronectin and vitronectin, and the underlying 
microgrooved surface. 
 
MATERIAL AND METHODS 
Substrata production and characterization 
Smooth and microgrooved silicone rubber 
substrata were produced, as described before5-
6, 27-28, by first making silicon oxide moulds 
with photolithography. These silicon oxide 
moulds possessed parallel surface grooves 
with a groove width of 2.0, 5.0, or 10.0 µm. 
All the grooves had a depth of 0.5 μm and 
were separated by a ridge, which had the same 
width as the groove. For the production of the 
substrata for in vitro purposes, the smooth and 
microgrooved silicon moulds were covered 
with polydimethylsiloxane (silicone elastomer 
MDX 4-4210, Dow Corning). After 
polymerization, the silicone rubber negative 
surface replicas were removed, cut into an 
appropriate circular shape and size (175 
mm2), mounted on glass microscopic slides 
(76 x 26 mm; Knittel, Germany), cleaned 
ultrasonically with Liquinox and by Soxhlet 
rinsing as described before4-6, and prepared 
for cell culture purposes by radio frequency 
glow discharge (RFGD) treatment (PDC-
3XG, Harrick; Argon, 0.15 Torr, 5 minutes). 
 
Cell culture 
Primary culture rat dermal fibroblasts (RDFs), 
taken from abdominal skin grafts of male 
Wistar rats as described earlier4-6, were used 
for incubation on the smooth and micro-
grooved substrata. Briefly, the silicone rubber 
substrata on their supporting microscopic 
slides were placed in the wells of Quadri-
perm® culture plates (Heraeus Instruments 
GmbH, Germany), and examined routinely 
with a phase contrast microscope (Leitz 
DMIL). A total of 16 substrata, four per speci-
fic texturing group were processed during a 
single experiment. 
 After identifying the fifth generation 
of primary culture cells as (myo)fibroblasts29, 
approximately 1.0 x104 viable RDFs ml-1, sus-
pended in α-MEM with Earl's Salts and with 
L-glutamine (Gibco), supplemented with 10% 
(v/v) heat treated fetal calf serum (Gibco), 
were added to each substratum. RDFs 
cultured in wells containing a microscopic 
slide without a silicone substratum served as a 
control group. The cells were incubated on a 
specific substratum for 1, 3, 5, and 7 days 
(37°C, 5% CO2-95% air) under static condi-
tions. Growth medium was changed every 
two days. This experiment was performed in 
quadruple. 
 
Fluorescent staining of attached RDFs 
Before staining the attached RDFs on the 
silicone substrata, the substrata were first 
rinsed in phosphate buffered saline without 
magnesium and calcium (PBS; pH 7.3) to 
remove non attached cells. After this first 
rinse, the cells were fixed with 2.0% para-
formalin (Merck) in PBS for 15 minutes. 
After rinsing the samples twice in PBS, the 
RDFs were permeabilized in 1.0% Triton X-
100 for 5 minutes. Following permeabiliza-
tion, the specimens were washed in PBS three 
times for 5 minutes. 
 For visualizing specific cytoskeletal 
components and proteins interacting in the 
attachment of the RDFs, the following 
monoclonal and polyclonal antibodies were 
used: 
-1- The mouse monoclonal antibody 
hVIN-1, specific for vinculin30, 
purchased from Sigma Chemical 
Company, St. Louis, MO, USA. 
-2- The rabbit monoclonal anti-
fibronectin antibody FN-3E231 
(Sigma). 
-3- A rabbit polyclonal antiserum raised 
against bovine fibronectin32, pur-
chased from Life Technologies Inc., 
Grand Island, NY, USA. 
-4- The rabbit polyclonal antiserum 
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against bovine vitronectin33 (Life 
Technologies). 
-5- A polyclonal antiserum raised against 
human vitronectin in rabbits, which 
has been shown to have a good cross 
reactivity with rat vitronectin (Life 
Technologies), but not with bovine 
vitronectin34. 
After incubation for 30 minutes with these 
primary antibodies, the specimens were 
washed three times in PBS for 5 minutes, and 
incubated with the appropriate secondary 
antibody, i.e. fluorescein iso-thiocyanate 
(FITC) conjugated goat anti-mouse IgG (dilu-
tion 1:30 in 1% BSA/PBS; Sigma) or FITC-
conjugated goat anti-rabbit IgG (dilution 1:30 
in 1% BSA/PBS; Sigma). For the staining of 
the RDF filamentous actin no antibodies were 
used, since F-actin was visualized with thio-
rhodamine iso-thiocyanate (TRITC) labelled 
phalloidin (Sigma). Double staining 
procedures were performed, i.e. F-actin and 
vinculin, F-actin and bovine fibronectin 
(FNb), F-actin and rat fibronectin (FNr), F-
actin and bovine vitronectin (VTNb), and F-
actin and rat vitronectin (VTNr). Due to the 
nature of the silicone substrata the stained 
specimens were not covered with a coverslip. 
First, because the thickness of the silicone 
substrata prohibits a solid seal between the 
coverglass and the substrata surface, enabling 
movement between the coverglass and the 
substratum surface, which will result in dis-
ruption of the stained objects. Second, the 
light refraction characteristics of sealing 
medium and silicone rubber are almost ident-
ical, thus making it impossible to retrieve 
reflection microscopical data of the substra-
tum surface. Therefore, the samples were air-
dried slowly in a dark humid environment and 
viewed immediately after preparation. 
 
Confocal Laser Scanning Microscopy 
(CLSM) and digital image analysis (DIA) 
Immediately after staining, the RDFs were 
examined with a Bio-Rad MRC 1000 
confocal laser scanning microscope (CLSM, 
Bio-Rad Laboratories). This CLSM was 
equipped with a krypton/argon mixed gas 
laser (Ion Laser Technology, Salt Lake City, 
UT, USA), which was mounted on a Nikon 
Diaphot microscope with non-cover glass 
(NCG) objectives (Nikon). This type of laser 
offers separate, well spaced wavelengths for 
the excitation of FITC (λ=488 nm) and 
TRITC (λ=568 nm)35. Next to the fluores-
cence mode, the reflection mode (λ=488 nm) 
of the CLSM was used to visualize the under-
lying substratum surface. Under this 
condition, special filters were used, since the 
specimen was illuminated at an excitation 
wavelength of 488 nm, which also excitated 
the fluorescent FITC conjugate. Furthermore, 
the laser gain voltage and pinhole were 
adjusted properly to eliminate any information 
originating from the FITC labelled secondary 
antibodies in the reflection image. 
 The resulting digital images were cap-
tured with a Sprynt frame grabber (Synoptics) 
and stored on a 1 GB optical disk cartridge 
(LM-D702W, Panasonic) with a optical disk 
drive (LF7010E, Panasonic). By using the 
Confocal Assistant V3.10 for Windows™ 3.1x 
program (available at FTP.GENETICS.BIO-
RAD.COM; copyright Todd Clark Brelje, 
1995) overlay images were created, thus mak-
ing it possible to capture the fluorescent and 
 
═════════════════════════════ 
 
TABLE I 
Dimensions of the micro events on the silicone 
rubber substratum surface as measured by AFM 
(Gd=groove depth, Gw=groove width, Rw=ridge width). 
 
Surface  Gd (μm)  Gw (μm)  Rw (μm) 
 SilD00  ± 0.02  ----  ---- 
 SilD02  0.45  1.71  1.68 
 SilD05  0.45  4.65  4.98 
 SilD10  0.46  9.58  9.77 
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Figure 1   CLSM image of a fluorescent double labelling of 
RDFs on a smooth silicone rubber substrata (SilD00) after 3 
days of incubation. Although the microfilaments (RED) 
show a high degree of orientation within a single RDF, their 
main directional orientation varies between cells. The 
vinculin aggregates (GREEN) are linear and are located at 
the end of the actin filaments. The yellow colour indicates at 
an overlap of the red actin and green vinculin data. Except 
from single vinculin staining streaks, larger complexes can be 
seen. 
 
reflection data in one 24 bits RGB (Red-Green-
Blue) picture. These RGB images were trans-
ferred to CD-ROM by using a CD-ROM writer 
(CDD2000, Philips) for permanent storage and 
further analysis. 
 DIA of the digital RGB images was per-
formed with the PC_Image V2.1 for Windows™ 
3.1x software package (Foster Findlay Asso-
ciates, UK). By isolating the different compo-
nents, several parameters were investigated. 
First, the (acute) angle of orientation of F-actin, 
vinculin, fibronectin (FNr and FNb), vitronectin 
(VTNr and VTNb), and the surface grooves 
relative to a virtual X-Y axis were measured. 
Second, the relative position and the angle of the 
linear components of vinculin, fibronectin (FNr 
and FNb), and vitronectin (VTNr and VTNb) 
were compared with the position and angle of 
orientation of the actin filaments. Finally, the 
location of vinculin relative to the grooves and 
ridges of the microtextured surface was charted 
and analyzed. After transferring the results of 
the DIA through a DDE (Dynamic Data 
Exchange) link, the data were analyzed with 
SAS™ (release 6.03, SAS Institute Inc., USA), 
 
Figure 2   Confocal micrograph of a fluorescent labelling of 
RDFs on a SilD02 surface after an incubation of 3 days. The 
highlighted rectangle in the top right hand corner reveals the 
groove direction (white line) by enhancing the aspecific 
FITC background fluorescence. The main image shows the 
orientation of the microfilaments (RED) and vinculin con-
taining attachment complexes (GREEN). The inset displays a 
part of one of the orientated RDFs in the main image at 
higher magnification. 
 
 
using univariate, multiple regression, and 
nonparametric Kruskal-Wallis models. 
 
RESULTS 
Confocal laser scanning microscopy (CLSM) 
A total of 616 digital overlay images were 
acquired as a result of the CLSM observation of 
the RDFs on the smooth and microtextured 
silicone substrata. A small, but representative 
selection of these CLSM images can be found in 
the Figures 1 to 10. The dimensions of the 
various surface grooves and ridges can be found 
in Table I. 
 On the smooth substrata, the RDFs were 
arranged in monolayers. The cells had a well 
spread, multipolar appearance (Figure 1), and 
the microfilaments possessed no main direction 
of orientation when compared between cells. 
Most observed actin fibres ended at the vinculin 
containing attachment complexes, while the 
latter generally possessed an elongated elliptic 
shape. The microfilaments and elliptic vinculin 
aggregates of the RDFs on the SilD02 substrata 
all appeared to be orientated along the surface 
grooves after 1, 3, and 5 days of incubation 
(Figure 2). After 7 days of incubation, 
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Figure 3   Fluorescent double staining of RDFs on a 5.0 μm 
grooved surface (SilD05) after 3 days of incubation. The 
microfilaments (RED) and vinculin aggregates (GREEN) are 
not orientated exclusively in the direction of the surface 
pattern (white line). Vinculin seems to attach specifically to a 
particular surface feature with regular intervals. 
 
frequent cell-cell contact was seen, resulting 
in less orientated/elongated cells and less 
orientated cytoskeletal components. Further-
more, it was striking that the vinculin stains 
displayed a repetitive pattern and that the 
linear aggregates were orientated parallel to 
the direction of the 2.0 μm surface grooves 
(Figure 2). The presence of vinculin at regular 
intervals was seen even clearer on the SilD05 
and SilD10 substrata (Figures 3 and 4). In 
contrast with the vinculin aggregates on the 
SilD02 surfaces, it was observed that the 
linear vinculin stains on the SilD05 and 
SilD10 substrata were not all orientated in the 
direction of the surface pattern. Also, in con-
trast with the SilD02 substrata, the 
microfilaments of the fibroblasts on the 
SilD05 and SilD10 surfaces were not 
orientated solely along the surface grooves. 
Finally, addition of the corresponding reflec-
tion microscopical image to the fluorescent 
data showed that vinculin tended to be located 
mainly on the surface ridges of all the 
microtextured surfaces (Figures 4 and 5). 
 For the incubation periods up to 3 
days, FNr, FNb, VTNr, and VTNb were 
found on all surfaces. After longer incubation 
periods, the amount of VTNb decreased rapid- 
 
Figure 4   Overlay image composed out of a reflection 
microscopical image of the SilD10 substrata surface (BLUE) 
and the actin (RED) and vinculin (GREEN) fluorescence 
data. RDFs were incubated for 3 days. As with the cells on 
the SilD05 surfaces, various angles of microfilament and 
vinculin orientation can be seen. Vinculin is located mainly 
on the ridges of the surface pattern. 
 
ly, and had almost completely disappeared 
after 7 days. Such a decrease was also ob-
served for FNb, but the reduction of this 
protein was more gradual, since FNb was still 
present on all surfaces after 7 days of incuba-
tion. Furthermore, FNr was seen in larger 
quantities than VTNr. While VTNr remained 
present in the same amounts throughout the 
different incubation periods, FNr increased 
during the first 3 days of this study. After 
these 3 days the FNr quantity on the surfaces 
remained stable. 
 Figure 6 shows FNr on a smooth sili-
cone rubber substratum after an incubation 
 
Figure 5   Overlay image of the location of vinculin 
(GREEN) in relation to the SilD10 surface features (BLUE) 
after a incubation of 5 days. Vinculin is located mainly on 
the surface ridges and often attaches to the edges of these 
ridges. 
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Figure 6   Immunofluorescence micrograph of a fibronectin 
(FNr) staining on a SilD00 surface (incubation period of 3 
days). Filaments in a web-like conformation at a point of 
cell-cell contact and positive FNr dots are visible. Some 
details are out of focus due to variations in the substratum 
thickness. 
 
period of 3 days. Observation of FNr, FNb, 
VTNr, and VTNb on the smooth surfaces 
learned that some protein depositions had a 
web-like structure, and were localized mainly 
at the ventral side of the fibroblasts near the 
nucleus. If linear filaments were found, RGB 
overlay images showed a large similarity with 
the orientation of the microfilaments and 
vinculin containing attachment complexes for 
a single RDF. However, if the orientation of 
the extra- and intracellular proteins was com-
pared between different cells, various angles 
of orientation were found, designating the 
orientation of FN and VTN filaments on the 
SilD00 surfaces as random. Finally, FN and 
VTN were also found on the smooth substrata 
in areas where no RDFs were present. 
 On the microtextured surfaces FNr, 
FNb, VTNr, and VTNb were found mainly at 
the ventral side of the leading edge of the 
RDFs (Figures 7 to 9). RGB overlay images 
revealed that most of these protein filaments 
were located on, or originated at the surface 
ridges (Figures 7 and 9). Moreover, these 
filaments at the leading edge were orientated 
in the direction of the surface pattern. They 
did not seem to be hindered by the surface 
grooves, since many groove spanning fila-
ments were found on all textured surfaces 
 
Figure 7   Immunofluorescence micrograph of rat fibronectin 
(FNr) staining on a SilD05 surface (incubation period of 3 
days) shows thin FNr filaments at the leading edge of the 
cell. The location of the nucleus is clearly visible. The main 
FNr filaments possess similar orientational vectors. 
 
(Figures 7 to 10). These groove spanning 
filaments were also found when the RDFs 
established cell-cell contact (Figures 9 and 
10). Finally, it was observed that the orienta-
tion of many microfilaments of the RDFs on 
the SilD02 and SilD05 surfaces were compar-
able to the orientation of the deposited ECM 
proteins (Figure 8 and 9). At the caudal side 
of the cells very little filaments, but a lot of 
protein spots or dots were found (Figure 9). 
These dots were located in the grooves as well 
as on the surface ridges. 
 
Digital image analysis (DIA) 
By analyzing the 616 digital overlay images 
with the PC_Image V2.1 for Windows™ 3.1x 
software package, a total of 326669 observa-
tions for statistical analysis were retrieved. 
Analysis of this data first of all showed that 
the RDF actin fibres were significantly more 
orientated on the SilD02 surfaces than on the 
SilD00, SilD05, and SilD10 substrata 
(0.0001≤PDAY 1-7≤0.0269; Figure 11). In addi-
tion, a cumulative frequency distribution 
showed that 70.52% of all the microfilaments 
of the cells on the SilD02 surfaces had an 
angle of orientation smaller than, or equal to 
10°, compared to cumulative percentages of 
28.25 and 26.98 on the SilD05 and SilD10 
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Figure 8   Digital overlay image of a reflection micrograph of a 
SilD05 surface (BLUE) and the corresponding actin (RED) and 
FNr (GREEN) fluorescence data after a RDF incubation of 3 
days. The FNr data is shown separately in Figure 7. The window 
at the centre of the picture, created by eliminating the actin data, 
allows clear observation of the orientated FNr filaments at the 
ventral side of the fibroblast. These filaments are located and/or 
originate mainly at the surface ridges and span the grooves. Note 
the similarity in the orientation of these protein filaments and the 
microfilaments of the overlaying RDF. 
 
substrata respectively. For the vinculin con-
taining attachment complexes a similar 
pattern of orientation was detected (Figure 
12). Statistical analysis showed that the linear 
vinculin complexes on the SilD02 substrata 
were significantly stronger orientated parallel 
to the surface grooves (69.19%≤10°) than 
those on the SilD05 and SilD10 surfaces 
 
Figure 9   Digital overlay image of a reflection micrograph of a 
SilD05 substrata (BLUE) and the corresponding actin (RED) and 
FnB (GREEN) fluorescence data after a RDF incubation of 1 
day. Some orientation of the microfilaments and FNb is visible. 
Note the groove spanning of the FNb, the FNb spots at the 
caudal side of the RDF, and the similarity in stress fibre and FNb 
location/orientation. 
 
Figure 10   RGB overlay image of a SilD10 surface (BLUE) 
and fluorescent labelled microfilaments (RED) and FNb 
(GREEN) after a RDF incubation of 3 days. Although not all 
the microfilaments are orientated, large orientated deposits of 
FNb are located mainly on the surface ridges. Groove span-
ning FNb filaments are clearly visible. 
 
(0.0001≤PDAY 1-7≤0.0096). Statistical testing 
also confirmed that the vinculin aggregates of 
the RDFs on the microtextured surfaces were 
located mainly (≥69.49%) on the ridges. No 
significant differences for ridge located 
vinculin were detected between the different 
surface textures (Figure 13). Comparison of 
the angle of orientation of the microfilaments 
 
Figure 11   Orientation of the RDF microfilaments on smooth 
and microtextured silicone rubber surfaces. Analysis of the data 
in this percentile frequency plot showed a significantly stronger 
orientation of microfilaments on the 2.0 μm grooved surfaces 
(SilD02). The high percentage of microfilaments with an angle 
≤10° on the SilD02 surfaces is clearly visible. 
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Figure 12   Percentile frequency plot of the angles of orientation 
of the vinculin containing attachment complexes on all silicone 
rubber surfaces. Statistics showed a significantly stronger 
orientation of these vinculin aggregates on the SilD02 surfaces. 
Note the high percentage of ≤10° orientated vinculin stains on 
the SilD02 surfaces. 
 
and vinculin stains showed that there was no 
significant difference for cells cultured on the 
smooth or microtextured substrata (P≥0.4115; 
Figure 14). 
 Concerning FNr, FNb, VTNr, and  
VTNb, statistical analysis showed that the 
protein depositions on the SilD00 substrata 
were orientated randomly. When the angles of 
orientation of these proteins were compared to 
each other or correlated with the angles of the 
microfilaments or the vinculin stains on the 
smooth surfaces, no significant differences 
Figure 13   Graph showing the percentage of vinculin aggregates 
that were located on the ridges of the various microtextured sur-
faces. No significant differences were found between the various 
textured surfaces. On all surfaces the percentage of vinculin 
located on the ridges was ≥50%. 
Figure 14   Percentile frequency plot of the angles of orientation 
of the microfilaments and  vinculin containing attachment 
complexes on the SilD02 surfaces. The similarity between the 
orientation of these intracellular proteins is evident. 
 
were found. On the other hand, when the 
orientation of these ECM proteins on the 
microtextured surfaces was compared to the 
orientation of actin and vinculin, it was found 
that the orientation differed significantly on 
the 5.0 μm (PDAY 1-5≤0.0373) and 10.0 μm 
grooved surfaces (PDAY 1-5≤0.0394), while no 
significant differences were found on the 
SilD02 substrata. Review of frequency dis-
tribution for the angle of orientation revealed 
that these significant differences on the 
SilD05 and SilD10 surfaces were caused by 
variations in the measure of orientation, since 
FNr, FNb, VTNr, and VTNb on the 5.0 and 
10.0 μm grooved surfaces were orientated 
more strongly to the surface grooves than for 
example the microfilaments (Figure 15). This 
discrepancy in the degree of orientation was 
not observed on the SilD02 surfaces. 
 
DISCUSSION AND CONCLUSIONS 
The term contact guidance can be used to 
describe not only the movement of a cell 
according to a topographical cue on a substra-
tum surface, but also for the orientation of a 
cell to certain features of that microtextured 
surface1. The results of this study first of all 
show that CLSM and DIA make it possible to 
visualize, combine, and analyze several speci-
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fic components that play a role in the process 
of contact guidance. Especially the com-
position of a digital overlay image out of 
several fluorescence and reflection micro-
scopical images in any desired combination 
and the analysis of this image by computer 
presents a powerful tool in this field of 
research. Further development of these 
techniques, the availability of (fluorescent 
labelled) antibodies, modifications of both the 
CLSM and the supporting image analysis 
software, and even the development of three 
dimensional reconstruction software should 
therefore be followed with scrutiny. 
 In addition, the findings of this study 
make it possible to extend the results of our 
earlier studies, which reported on the orienta-
tion of RDFs on silicone rubber surfaces with 
ridges ≤4.0 μm5, 36. By correlation of all these 
results, we can conclude that the microfila-
ments and the vinculin containing attachment 
complexes exhibit similar angles of 
orientation to the same surface patterns. This 
becomes even more evident when the align-
ment principle that Clark et al.37 suggested, is 
applied. They defined a population of cells as 
highly aligned when the long axis of these 
cells makes an angle of ≤10° with the 
grooves. Implementation of this alignment 
criterion in one of our previous studies 
showed that RDFs orientated strongly on 2.0 
μm grooved surfaces, and less on the 5.0 and 
10.0 μm grooved surfaces5, 36. If we use this 
criterion on the data of this study, we can con-
clude that the alignment of the cytoskeletal 
and attachment complex elements is in agree-
ment with these earlier observations. We 
showed that the microfilaments possessed the 
highest degree of orientation on the SilD02 
surfaces (70.52%≤10°), while the orientation 
of vinculin was also the strongest on the 
SilD02 surfaces (69.19%≤10°). Finally, 
earlier phase contrast and electron micro-
scopical observations5-6, 36 suggested specific 
fibroblast attachment to the surface ridges of 
microtextured silicone surfaces. 
Figure 15   Percentile frequency distribution of the micro-
filaments, FNr, FNb, VTNr, and VTNb on SilD05 surfaces. 
Statistical analysis of the data showed a significantly higher 
degree of alignment of FNr, FNb, VTNr, and VTNb on these 
surfaces. 
 
The high incidence of vinculin on the ridges 
found in this study confirms these earlier 
observations. As shown in Figure 3, this ridge 
related localization of vinculin made it 
possible to determine the localization, pitch, 
and orientation of the 5.0 μm surface ridges 
even without adding the reflection data of the 
surface pattern to the resulting overlay image. 
Furthermore, the orientation of these vinculin 
containing attachment complexes corroborate 
with the earlier mentioned hypothesis by 
Ohara and Buck16. According to this 
hypothesis, the focal adhesion complexes can 
have several angles of orientation on the 5.0 
and 10.0 μm, but not on the 2.0 μm surfaces, 
since the ridges of the latter do only provide 
the area for attachment and orientation in the 
direction of the surface ridge. If the size of the 
surface ridge increases, like with the 5.0 and 
10.0 μm grooved surfaces, more vectors of 
orientation for these adhesion complexes are 
possible. This is in agreement with the 
orientation of the vinculin stains in Figures 2 
to 5. 
 Concerning the extracellular matrix 
proteins FNr, FNb, VTNr, and VTNb, no 
significant differences were found between 
the orientation of these proteins and the 
microfilaments and the vinculin containing 
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attachment complexes of the RDFs on the 
smooth surfaces. CLSM observation learned 
that, if a single RDF was observed, the intra- 
and extracellular proteins possessed compar-
able angles of orientation. This corroborates 
with earlier observations and has been gen-
erally recognized and described by for 
instance Alberts et al.38. Concerning the 
microtextured surfaces, fibronectin and 
vitronectin were found to be aligned along the 
surface grooves and ridges. This could 
indicate that the properties of the substrata 
surface play a major role in the distribution 
and deposition of these proteins on these sur-
faces. For example, bovine fibronectin and 
vitronectin were found mainly on and aligned 
along the ridges during this study. In contrast 
with the endogenous (rat) fibronectin and 
vitronectin, the bovine ECM proteins, which 
originated from the FCS which was supple-
mented to the culture medium, had to be 
distributed passively along the surface. This 
could mean that surface properties like for 
instance surface charge and surface free 
energy had a profound influence on the 
specific ridge related deposition that was 
found on all textured surfaces. However, until 
techniques and models have been developed 
to measure these and other surface properties 
and their effects on the protein distribution 
and deposition, this can only be considered as 
an educated guess.  
 In consequence, we have to conclude 
that the current study does fail to explain com-
pletely how substratum surface features influ-
ence cellular behaviour. Nevertheless, by 
combining our results with generally accepted 
concepts and results of other investigators, it 
is possible to speculate on a possible working 
mechanism. For example, we observed the 
specific deposition and orientation of 
fibronectin and vitronectin on the smooth and 
microtextured silicone rubber substrata. It is 
generally recognized that these two proteins 
are heavily involved in cell-substratum 
interactions, including cell attachment and cell 
movement10, 33, 38-42. The process of 
attachment results generally in a clustering of 
integrins and an assembly of multi-molecular 
focal complexes associated with the actin 
cytoskeleton38, 41-42. These focal complexes 
contain a large number of cytoplasmatic-
derived proteins like for instance p125FAK, src, 
and tensin that are assumed to play an active 
role in the signalling pathway with the 
intracellular environment41. Others like for 
example talin, α-actinin and vinculin, appear 
to be mainly structural41, 43. Although the 
nature of the various interactions between 
these and other components of the focal 
complexes is too voluminous to describe here 
in full, it is valid to mention that it has been 
shown that vinculin binds to α-actinin, talin 
and actin44-45. Moreover, it is also generally 
accepted that both α-actinin and talin bind to 
actin and the cytoplasmatic domains of 
integrin46-47. Integrin matrix interactions have 
been shown to have a significant effect on the 
overall cell behaviour by activating 
intracellular transduction pathways38, 41, 48-49. 
Therefore, it can be supposed that integrin, 
which is the receptor for fibronectin (integrin 
α5ß1)50 and vitronectin (integrin αvß3)50, 
induces orientation of the cell (components) 
through its binding to the orientated 
fibronectin and vitronectin on microtextured 
surfaces. The topographical cue of the 
orientated fibronectin and vitronectin could 
then be transferred by integrin to the total 
focal adhesion point. Orientation of the focal 
adhesion point would result in the orientated 
vinculin stains as seen during this study, since 
vinculin is a component of these focal 
adhesion points41, 43. Furthermore, we know 
through the results of this and other studies44-
47, that several proteins in the focal adhesion 
complex, including vinculin, bind to actin, 
enabling a possible transduction of the topo-
graphical cue to the microfilaments. 
 If the above mentioned is related with 
other findings, some interesting similarities 
can be detected. For example, Singer et al.42 
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showed that, as fibronectin containing extra 
cellular matrix filaments accumulated beneath 
the cell, the fibronectin receptors became 
concentrated at contacts with these filaments. 
Similar events occurred with the fibronectin 
and vitronectin receptors on vitronectin coated 
surfaces. Co-accumulation of fibronectin and 
vitronectin receptors in focal contacts was 
seen after 2-6 hours incubation in serum 
containing cultures. These results by Singer et 
al.42, together with those of others10, 33, 38-43, 50, 
show that cells recruit and cluster 
transmembrane integrin, form vinculin 
containing focal contacts, and attach to 
fibronectin and vitronectin. Based on their 
results, Singer et al. suggested that the 
fibronectin receptor might also function in the 
process of cellular migration along the 
fibronectin containing matrix cables. If this is 
true, orientated fibronectin filaments could 
very well take account for the directed 
locomotion of cells on microtextured surfaces. 
In addition, this corresponds with the 
frequently described migration behaviour of 
fibroblasts on ECM matrices38.  
 Considering this, many questions 
remain unanswered. For instance, our results 
show a significant reduction of the orientation 
of the microfilaments and vinculin containing 
attachment complexes on the SilD05 and 
SilD10 surfaces, while DIA shows that the 
ECM proteins on these surfaces are highly 
aligned with the surface patterns. This seems 
to be in contradiction with the generally 
accepted model of the interaction between the 
ECM matrix and the cytoskeleton. This mo-
del38, 41, 46, 48, 51 states that there are reciprocal 
interactions between extracellular fibronectin 
and intracellular microfilaments that are medi-
ated mainly by integrins. Through this mech-
anism, cytoskeletons of cells can exert forces 
that orientate the matrix macromolecules that 
the cells secrete, while the matrix molecules 
can in turn organize the cytoskeletons of cells 
that contact them, thus propagating order from 
cell to cell in tissues. The fact that this model 
does not seem to apply to our microgrooved 
substratum surfaces, suggests that specific 
properties of microtextured surfaces alter this 
intricate interaction between the intracellular 
and extracellular proteins. Close observation 
of the CLSM images shows large ECM 
deposits on the ridges of especially the SilD10 
surfaces (Figure 10). According to DIA, these 
deposits possess a linear shape, since their 
length is longer than their width. But micro-
scopical investigation shows that their appear-
ance is notably different from the deposits that 
were often seen on the SilD02 and SilD05 
surfaces (Figures 7 to 9). ECM deposits like 
in Figure 10 cover a large area of the surface 
ridge, enabling multiple angles of orientation 
for the focal contacts attaching to these ECM 
proteins. Whether these deposits consist out of 
smaller ECM components that possess a 
particular orientational vector, remains 
unclear due to the limitations of CLSM 
concerning magnification and resolution. 
 In conclusion, it can be said that 
microtextured surfaces influence the 
orientation of the intracellular and 
extracellular proteins. Although our results do 
corroborate with all three hypotheses that 
were described earlier, they do not justify a 
specific choice for one of these hypotheses. 
The differences in deposition patterns and the 
appearances of the ECM proteins during this 
study for example, make it possible to suggest 
that surface properties like surface free energy 
have an influence on the displayed cellular 
behaviour. The vinculin location and 
orientation however, pleas in favour of the 
"ridge width" theory. Finally, whether the 
cells orientate to the microtextured surfaces as 
a result of the force distribution that is created 
by these surfaces and the cells cultured on 
them, is impossible to determine with the 
results of this study. Recognizing the fact that 
these three hypothesis can even be integrated 
into one overall model, contributes to the 
intriguing phenomena of cellular behaviour on 
microtextured surfaces. 
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INTRODUCTION 
Various research reports have been published 
on the effect of microtextured surfaces on 
many cellular processes like morphology, 
orientation, attachment, differentiation, 
DNA/RNA transcription, cell metabolism, 
and protein production11-13, 22. In addition, it 
has even been suggested that surface 
microtexturing could benefit the clinical suc-
cess of skin penetrating devices by prevention 
of epithelial downgrowth4-5, 7, and of subcu-
taneous implants by reduction of the inflam-
matory response6 and fibrous capsule forma-
tion at the implant-tissue interface8. 
 Reviewing the literature on this topic, 
it is possible to deduce that the changes in 
cellular response originate at the interface 
between the microtextured surface and the 
contacting cells or tissues. However, it is not 
sufficient to examine the interface 
exclusively. Information concerning the 
conditions and mechanisms relevant to cell-
substratum reactions can also be obtained 
from the degree of differentiation of the cells 
attached to this substratum, as well as the 
presence and orientation of cytoskeletal fila-
ments. Therefore, a detailed study on the 
morphology of cells cultured on 
microtextured implant surfaces seems 
justified. 
 Although new techniques, like 
confocal laser scanning microscopy (CLSM) 
and digital three dimensional reconstruction, 
have made other approaches possible, 
transmission electron microscopy (TEM) still 
seems to be the appropriate choice for this 
particular type of research. For example, the 
resolution and magnification factor of CLSM 
are relatively low, and 3D reconstruction of 
complex structures is not yet fully developed 
and applicable9. On the other hand, TEM 
study of the biomaterial/cell interface is often 
impeded by difficulties like obtaining intact 
ultrathin sections without disruption of the 
bond between the substratum and the cells. 
This problem can be solved by selecting the 
proper technique of sample preparation. In 
view of this, several solutions have been 
found in the past for the TEM examination of 
metallic3, 16 and ceramic16 implants. However, 
in our studies we use silicone rubber replicas 
of microtextured silicon moulds to investigate 
the effects of parallel surface microgrooves on 
the cellular behaviour11-13. Due to the specific 
properties of these replicas, TEM sample 
preparation presents a lot of problems. For 
example, silicone rubber does not allow speci-
fic dehydration procedures or the use of 
several resin agents. In addition, ultrathin 
sectioning is impossible because of the elastic 
and thermodynamic properties of this 
elastomer. 
 Therefore, the aim of this study was to 
develop a technique that allows TEM obser-
vation of cells incubated on (microtextured) 
silicone rubber substrata, and to use this 
method to study the interaction of primary 
culture rat dermal fibroblasts (RDFs) with the 
grooves and ridges on these substrata.  
 
MATERIALS AND METHODS 
Production and characterization of the 
microtextured substrata 
Surface textured experimental substrata were 
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TABLE I 
Dimensions of the micro events on the silicone 
rubber substratum surface as measured by AFM 
(Gd=groove depth, Gw=groove width, Rw=ridge width, 
and P=pitch). 
 
produced by first making silicon oxide 
moulds in a class 100 clean room using photo-
lithography24-25. In short, these mould surfaces 
were produced by coating silicon oxide masks 
with high reflective chrome, after which the 
chrome was coated with a thin (0.5 μm) layer 
of positive photoresist (PR). Subsequently, the 
PR was exposed and developed, uncovering 
the underlying chrome, which was etched. 
Finally, the unexposed PR was stripped off, 
thus creating a parallel groove pattern with 
grooves of 0.5 μm deep. The mould was then 
covered with an additional layer of PR and 
hardened by baking for 30 minutes at 150°C. 
 The substrata for in vitro purposes 
were obtained by covering the moulds with 
polydimethylsiloxane (silicone elastomer 
MDX 4-4210, Dow Corning), thus producing 
negative surface replicas, which possessed 
parallel surface grooves with a groove and 
ridge width of 2.0 (SilD02), 5.0 (SilD05), and 
10 μm (SilD10). Groove depth was approxi-
mately 0.5 μm. After polymerization, these 
silicone rubber castings were removed, cut 
into their appropriate circular shape and size 
(175 mm2), and washed manually in a 10% 
Liquinox solution (Alconox Inc.). 
Subsequently, these substrata were rinsed, 
cleaned ultrasonically for 30 minutes in a 1% 
Liquinox solution, given two 15 minute ultra-
sonic rinses in distilled, deionized water and a 
Soxhlet rinse for 12 hours in distilled, 
deionized water. Finally, these experimental 
substrata were prepared for cell culture 
purposes by radio frequency glow discharge 
(RFGD) treatment (PDC-3XG, Harrick; 
Argon, 0.15 Torr, 5 minutes). The quality and 
dimensions of the micro features on the sub-
strata were investigated by scanning electron 
microscopy (SEM; JEOL 6310; 20kV) and 
atomic force microscope (AFM; Polaron 
SP300). The dimensions of these grooves can 
be found in Table I. 
 
Cell culture 
Ventral skin grafts taken from male Wistar 
rats (100-120 gram) were used for harvesting 
rat dermal fibroblasts (RDFs). After dissocia-
tion, these cells were incubated (37°C, 5% 
CO2-95% air) in α-MEM with Earl's Salts and 
with L-glutamine (Gibco), supplemented with 
10% (v/v) heattreated fetal calf serum 
(Gibco), 2.5 μg ml-1 amphotericin B (Gibco) 
and 50 μg ml-1 gentamicin (Gibco). Following 
approximately 3 days of culturing, the RDFs 
were rinsed with phosphate buffered saline 
without magnesium and calcium (PBS; 0.1M; 
pH 7.2), supplemented with 5 μg ml-1 
amphotericin B and 100 μg ml-1 gentamicin to 
remove non-attached cells. Subsequently, the 
growth medium was replaced every two days 
by fresh growth medium. Upon confluence, 
the RDFs were detached by trypsinization 
[0.25% (w/v) crude trypsin and 1 mM EDTA 
(pH 7.2)] and resuspended at a lower cell 
concentration in fresh growth medium. The 
fifth generation of these cells was used for 
incubation on the microtextured silicone 
substrata after identifying them as (myo)fibro-
blasts by phase contrast morphology 
analysis14. 
 After positioning the smooth and 
microtextured substrata in the culture wells of 
24 well plates (Greiner), approximately 1.0 
x104 viable RDFs ml-1 were added to each 
substratum. The cells were incubated on a 
   Actual  values  
Surface Gd 
(μm) 
Gw 
(μm) 
Rw 
(μm) 
P (μm) 
 SilD00  ± 0.02  ----  ----  ---- 
 SilD02  0.45  1.71  1.68  3.87 
 SilD05  0.45  4.65  4.98  9.49 
 SilD10  0.46  9.58  9.77  18.98 
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Figure 1   TEM micrograph of a RDF on a smooth (SilD00) 
silicone rubber surface (S=substratum). The arrowhead 
shows a focal adhesion point, which attaches the cell with the 
underlying silicone surface. The cell possesses a normal 
appearance. No fibrilar ECM material was found. 
 
specific substratum for 3 and 5 days (37°C, 
5% CO2-95% air) under static conditions. 
Growth medium was changed every two days. 
 
Transmission Electron Microscopy (TEM) 
At the end of the incubation period, the cul-
tures were rinsed with PBS to remove non-
attached cells, and fixed with 2% 
glutaraldehyde (Merck) in 0.1 M phosphate 
buffer (pH 7.3) for 2 hours at 4°C. After 
fixation, the samples were rinsed twice with 
0.1 M phosphate buffer for 30 minutes and 
postfixed with a 1% OsO4 (Merck) - 0.1M 
phosphate buffer solution for 1 hour. The 
substrata with the RDFs were then dehydrated 
using a graded ethanol series and covered 
with a 50% (w/v) Epon - 100% ethanol 
solution for at least 2 hours. Subsequently, 
this solution was replaced by 100% Epon and 
were left to polymerize for 24 hours at 60°C. 
Following polymerization, the Epon covered 
silicone rubber samples were soaked in ethyl -
acetate (Merck) to facilitate the removal of the 
silicone substrata. After removal of the 
silicone, some semithin sections were cut of 
these Epon blocks, which contained the RDFs 
and a cast of the microgrooved silicone 
surface. These sections were stained with 
toluidine blue in order to determine the 
 
 
 
Figure 2   High magnification TEM image of a mature focal 
adhesion point (S=substratum). Except from the adhesion 
point, the electron dense layer (¿) is clearly visible. 
 
 
 
original groove orientation of the substrata 
surface. Thereafter, these Epon casts were 
reembedded in Epon, and ultrathin sections 
perpendicular or longitudinal to the surface 
grooves were cut on a Reichert OMU-3 
ultramicrotome with a diamond knife 
(DRUKKER International, the Netherlands). 
Sections were collected on Formvar-coated 
copper grids and stained with saturated uranyl 
acetate27 (20 minutes) and lead citrate21 (10 
minutes) for contrast enhancement. All speci-
mens were observed with a JEOL 1010 trans-
mission electron microscope at 60 kV. 
 
RESULTS 
Transmission electron microscopy of the 
RDFs on the microtextured surfaces 
Figures 1 to 10 show some transmission elec-
tron microscopical images of the RDFs on 
smooth (SilD00) and microtextured (SilD02, 
SilD05, SilD10) substrata. Although the sili-
cone substrata were removed during the prep-
aration of the samples, differences in electron 
density showed their former location. Fur-
thermore, a narrow, electron dense film with a 
thickness varying between 8 and 36 nm 
separated the supra-substratum compartment 
and the compartment that was formerly oc- 
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Figure 3   TEM image of multiple cell layers on a SilD00 
substratum (S=substratum). A cell protrusion (¿) seems to limit 
the contact of the cell with the substratum surface. 
 
by the silicone microtextured substrata. This 
layer was seen in all the TEM images, and 
probably existed out of adsorbed proteins. 
 On the smooth substrata (Figures 1 to 
3), RDFs were seen to grow in multilayers. 
Except from the electron dense layer at the 
interface between the supra-substratum com-
partment and the substratum, no extracellular 
matrix (ECM) material in the form of collagen 
fibres was observed. The fibroblasts, attached 
to neighbouring cells or to the substrata (Fig-
ure 1), showed a normal distribution of endo-
plasmatic reticulum and mitochondria. Often 
it was seen that the RDFs avoided extensive 
membrane contact with the substratum surface 
and formed small protrusions, which 
contacted directly with the substratum surface 
(Figure 3). These protrusions varied in size 
(200-600 nm) and seemed "to lift" the main 
cell body from the surface of the substratum. 
 Figures 4 to 6 show micrographs of 
RDFs incubated on 2 μm grooved (SilD02) 
surfaces. The fibroblasts on these substrata 
attached exclusively to the ridges, and were 
seen to bridge the intermittent spaces of the 
surface grooves (Figure 4). Although the 
slope of the ridges was gradual and the 
grooves possessed a wavy appearance, the  
 
 
 
 
Figure 4   TEM photograph of a fibroblast on a substratum with 
2.0 μm grooves (SilD02; S=substratum). The cell does not 
contact with, or attaches to the bottom of the surface grooves. 
 
cells did not contact the bottom of the 
grooves. In some instances cell protrusions 
extended into the grooves, but none of these 
cell extensions were found to contact or attach 
to the bottom of the surface grooves. Cell 
attachment to the surface ridges was observed 
regularly. An example is the RDF in contact 
with the substratum in Figure 5, 
Figure 5   TEM micrograph of a perpendicular section of 
fibroblasts on a SilD02 surface (S=substratum). The dense areas 
indicating the presence of (immature) focal adhesion points  
(½ ¾) are located at the edge of the surface ridge. 
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Figure 6   Detail of an immature focal adhesion point (¿) 
forming at the edge of a ridge of a SilD02 substratum 
(S=substratum). 
 
 
 
 
which possessed two dense areas on the two 
opposite sides of the surface ridge. Close 
observation at higher magnifications learned 
that (pre-stages of) focal adhesion points 
tended to centrifugal attachment to the surface 
ridges of the SilD02 surfaces (Figures 5 and 
6). 
 Focal adhesion points were also 
observed in RDFs on the SilD05 and SilD10 
substrata. Although these cells also attached 
to the ridges, close to the slope that separated 
the ridge from the surface groove, additional 
focal adhesion points were seen towards the 
centre of the ridge area (Figures 7 and 8). 
Furthermore, RDFs on the SilD10 substrata 
were occasionally seen to attach to the bottom 
of a surface groove (Figure 8). 
 In the sections made of the RDFs on  
 
 
 
Figure 7   TEM image of a RDF on a 5.0 μm grooved 
silicone rubber surface (SilD05), showing a surface ridge (R) 
and the slope (S) leading to the bottom of the surface groove. 
Except from the dense plaque near the ridge edge, more focal 
adhesion points were seen towards the centre of the ridge 
area (¿). 
 
the SilD02 and SilD05 substrata perpendicular 
to the surface grooves (Figures 4 to 7), no 
cytoskeletal structures could be observed that 
corresponded with the observed dense 
plaques. However, if the samples were not 
sectioned in a perpendicular but in a 
longitudinal direction parallel to the surface 
grooves, filamentous structures were seen 
near the cell membrane (Figure 9). Further-
more, focal adhesion points and close contacts 
were seen with a higher frequency in these 
longitudinal sections than in the perpendicular 
sections, although this was only the case if a 
surface ridge was captured in the longitudinal 
section. This was in contrast with the (ridge) 
sections of the SilD10 substrata, which 
showed focal adhesion points, close contacts, 
and cytoskeletal filaments in both perpen-
dicular and longitudinal sections (Figure 10). 
 
  
90 
 
 
Figure 8   TEM photograph of fibroblasts on a 10.0 μm 
grooved silicone surface (SilD10). Focal adhesion points are 
present on the edge, and more towards the centre of the 
surface ridge (R). In addition, a contact of a cell extension 
with the bottom of the groove (G) can be seen (¿). 
 
Finally, no fibrous ECM material was found 
in either the perpendicular or the longitudinal 
sections of the smooth and microtextured 
substrata. 
 
DISCUSSION AND CONCLUSIONS 
Results demonstrate that the described method 
allows the preparation of ultrathin sections of 
cells cultured on (microtextured) silicone 
rubber substrata. Although ultrathin sections, 
containing both the cells and substratum is of 
course desirable, our technique offers a possi-
bility to harvest TEM sections with a very 
limited effect on the sample and the quality of 
the sections made. The ability of an apolar 
liquid like ethylacetate to detach the silicone 
substrata from the Epon is based on the dis-
tribution of ethylacetate at the interface 
between the silicone substrata and the Epon 
through capillary force. As a result, 
ethylacetate increases the distance between 
these two components, thus reducing the van 
der Waals forces that bind the Epon to the 
silicone rubber substrata. This process tran-
spires without affecting the integrity of the 
Epon and its contents. Because the Epon poly-
mer matrix is more closely packed and pos- 
 
 
 
Figure 9   TEM image of a longitudinal section of a RDF on 
a SilD05 substratum. The filamentous structures near the 
cells membrane suggest orientation of the cytoskeletal 
components of the fibroblast on this microtextured surface. 
 
sesses more covalent bound chain cross-links, 
the effect of ethylacetate on Epon is negli-
gible. This is in contrast with the effect of 
ethylacetate on silicone rubber, since silicone 
swells because of the penetration of 
ethylacetate in the polymer chain matrix. 
 Focal adhesion points have been 
recognized as the points of adhesion of 
fibroblasts and their substratum1-2 and have 
been studied extensively. A number of studies 
have revealed that particular ECM proteins 
like fibronectin23, 26, vitronectin26, laminin17, 
fibrinogen28, and even collagen15 collaborate 
in the processes of cell attachment and cell 
movement. It is possible, that the electron  
 
 
Figure 10   TEM micrograph of a longitudinal section of a 
RDF on a SilD10 surface. Multiple cellular attachment sites 
(¿) can be seen on the surface ridge (SR). 
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dense layer that was observed (Figures 1 to 
10) consisted of these adsorbed proteins. 
Future investigations with other techniques 
like CLSM could reveal the intricate 
interaction of the attachment mechanisms of 
the cells contacting this protein layer. 
 The formation of protrusions, as 
shown in Figure 3, has also been observed in 
a TEM study by Meyle et al.18. In agreement 
with Meyle and co-workers, we found that the 
cells did not contact with the bottom of the 
grooves, and appeared to attach to the ridges 
of the surface patterns (Figures 4 to 7). These 
specific attachments of the cells to the surface 
ridges was also observed by Meyle et al.18-19 
and in our previous studies13. For example, by 
using fluorescence microscopy Meyle et al.19 
demonstrated that gingival fibroblasts cultured 
on microgrooved silicone rubber substrata 
possessed vinculin-positive focal contacts that 
were localized specifically on the surface 
ridges. Furthermore, using low magnification 
phase contrast microscopy, we observed that 
cellular protrusions of fibroblasts cultured on 
microgrooved silicone substrata attached 
specifically to the ridges of the surface 
pattern13. On the other hand, Meyle et al.18 
also described many "grip-like" protrusions 
with the surface ridges. Consequently, they 
concluded that such an intimate interdigitation 
of the cell body with the surface contours 
would increase the shear strength up to the 
point of cell rupture. Such protrusions were 
not observed in our TEM study. An explana-
tion could be that the surface profile of the 
surface ridges in our study was significantly 
different (rounded) from that used in the ex-
periments of Meyle et al. (i.e. rectangular). In 
sum, all these studies lead to the conclusion 
that the ridges (≤ 5.0 μm) of the surface 
pattern seem to be the preferential sites for 
cell attachment. Although the causing effect 
for the specific localization of the focal 
adhesion points still is not clear, this conclu-
sion supports the hypothesis by Clark et al.10. 
They suggested that the altered cell-substra-
tum interactions are based on the resemblance 
of these surfaces with the fibrillar 
extracellular matrix. 
 Finally, for the cells cultured on the 
SilD02 and SilD05 surfaces, microfilaments 
were observed only in the longitudinal 
sections of these substrata. In contrast, 
cytoskeletal components were observed in 
both longitudinal and perpendicular sections 
made of the RDFs on the SilD10 surfaces. 
This observation suggests an alignment effect 
of the 2.0 and 5.0 μm ridges on the 
cytoskeletal components. This is in 
corroboration with our earlier findings, which 
were observed on similar surfaces by using 
different microscopic techniques12-13. 
Although, it has been suggested that orienta-
tion of the cytoskeletal components is respon-
sible for cellular alignment along surface 
microgrooves20, further investigations are 
required to clarify the role of the cytoskeleton. 
 
ACKNOWLEDGEMENT 
The authors would like to thank prof. dr. A.F. 
von Recum (Clemson University, USA) for 
the microtextured silicon wafers that were 
produced under his supervision in his labora-
tories. In addition, the authors would like to 
thank dr. P.H.K. Jap for his help on the analy-
sis of the TEM images. This study is sup-
ported by the Technology Foundation (STW). 
 
REFERENCES 
1. Abercrombie M and Ambrose EJ. 
Interference microscope studies of cell 
contacts in tissue culture. Exp Cell Res, 1958; 
15: 332-345 
2. Ambercombie M. The crawling movement of 
metazoan cells. In Cell Behaviour, R. 
Bellairs, ASG Curtis, and GA Dunn eds., 
Cambridge University Press, Cambridge, 
1982 
3. Bjursten LM, Emanuelsson L, Ericson LE, 
Thomson P, Lausmaa J, Mattsson L, 
Rolander U, Kasemo B. Method for 
ultrastructural studies of the intact tissue-
metal interface. Biomaterials, 1990; 11: 596-
601 
  
92 
4. Brunette DM, Kenner GS, Gould TRL. 
Grooved titanium surfaces orient growth and 
migration of cells from human gingival 
explants. J Dent Res, 1983; 62: 1045-1048 
5. Brunette DM. The effects of implant surface 
topography on the behavior of cells. Int J 
Oral Maxillofac Implants, 1988; 3: 231-246 
6. Campbell CE, von Recum AF. Microtopo-
graphy and soft tissue response. J Invest Surg, 
1989; 2: 51-74 
7. Chehroudi B, Gould TR, Brunette DM. 
Effects of a grooved epoxy substratum on 
epithelial cell behavior in vitro and in vivo. J 
Biomed Mater Res, 1988; 22: 459-473 
8. Chehroudi B, Gould TRL, and Brunette DM. 
A light and electron microscope study of the 
effects of surface topography on the behavior 
of cells attached to titanium-coated 
percutaneous implants. J Biomed Mater Res, 
1991; 25: 387-405 
9. Chehroudi B, Soorany E, Black N, Weston L. 
Computer-assisted three-dimensional recon-
struction of epithelial cells attached to 
percutaneous implants. J Biomed Mater Res, 
1995; 29: 371-379 
10. Clark P, Connolly P, Curtis ASG, Dow JAT, 
Wilkinson CDW. Cell guidance by ultrafine 
topography in vitro. J Cell Sci, 1991, 99: 73-
77 
11. den Braber ET, de Ruijter JE, Smits HTJ, 
Ginsel LA, von Recum AF, Jansen JA. Effect 
of parallel surface micro grooves and surface 
energy on cell growth. J Biomed Mater Res, 
1995; 29: 511-518 
12. den Braber ET, de Ruijter JE, Smits HTJ, 
Ginsel LA, von Recum AF, Jansen JA. 
Quantitative analysis of cell proliferation and 
orientation on substrata with uniform parallel 
surface micro grooves. Biomaterials, 1996; 
17: 1093-1099 
13. den Braber ET, de Ruijter JE, Ginsel LA, von 
Recum AF, Jansen JA. Quantitative analysis 
of fibroblast morphology on microgrooved 
surfaces with various groove and ridge 
dimensions. Biomaterials, 1996; 17: 2037-
2044 
14. Freshney RI. Culture of animal cells; a 
manual of basic technique, Alan R. Liss Inc., 
New York, 1987 
15. Hotchin NA and Hall A. The assembly of 
 integrin adhesion complexes requires both 
extracellular matrix and intracellular rho/rac 
GTPases. J Cell Biol, 1995; 131: 1857-1865 
16. Jansen JA, de Wijn JR, Wolters-Lutgerhorst 
JM, van Mullem PJ. Ultrastructural study of 
epithelial cell attachment to implant materials. 
J. Dent. Res., 1985; 64: 891-896 
17. Mercurio AM. Laminin receptors: achieving 
specifity though cooperation. Trends Cell 
Biol, 1995; 5: 419-423 
18. Meyle J, Gültig K, Wolburg H, von Recum 
AF. Fibroblast anchorage to microtextured 
surfaces. J Biomed Mater Res, 1993; 27: 
1553-1557 
19. Meyle J, Gültig K, Brich M, Hämmerle H, 
Nisch W. Contact guidance of fibroblasts on 
biomaterial surfaces. J Mater Sci, 1994; 5: 
463-466 
20. Ohara PT, Buck RC. Contact guidance in 
vitro. Exp Cell Res, 1979; 121: 235-249 
21. Reynolds EA. The use of lead citrate at high 
pH as an electron opaque stain in electron 
microscopy. Cell Biol, 1963; 17: 208-212 
22. Singhvi R, Stephanopoulos G, Wang DIC. 
Review: effects of substratum morphology on 
cell physiology. Biotechology and 
Bioengineering 1994; 43: 764-771 
23. Schaller MD and Parsons JT. Focal adhesion 
kinase and associated proteins. Curr Opin 
Cell Biol, 1994; 6: 705-710 
24. Schmidt JA, von Recum AF. Texturing of 
polymer surfaces at the cellular level. 
Biomaterials, 1991; 12; 385-389 
25. Schmidt JA, von Recum AF. Surface charac-
terization of microtextured silicone. 
Biomaterials, 1992; 13; 675-681 
26. Uitto VJ, Larjava H, Peltonen J, and Brunette 
DM. Expression of fibronectin and integrins 
in cultured periodontal ligament epithelial 
cells. J Dent Res, 1992; 71: 1203-1211 
27. Watson ML. Staining of tissue section for 
electron microscopy with heavy metals. 
Biophys Biochem Cytol, 1958; 4: 475-478 
28. Williams RL, Hunt JA, and Tengvall P. 
Fibroblast adhesion onto methyl-silica gradi-
ents with and without preadsorbed protein. J 
Biomed Mater Res, 1995; 29: 1545-1555 
 
 
 
 
 
 
 
 
The effect of a subcutaneous silicone rubber implant with shallow 
surface micro grooves on the surrounding tissues in rabbits 
 
 
E.T. den Braber, J.E. de Ruijter, and J.A. Jansen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
University of Nijmegen, Dental School, Laboratory of Biomaterials,  
POB 9101, NL-6500 HB Nijmegen, The Netherlands. 
  
 
 
 
 
 
 
The effect of a subcutaneous silicone rubber implant with shallow 
surface micro grooves on the surrounding tissues in rabbits 
 
 
 
INTRODUCTION 
The interaction between an implant material 
and the surrounding tissues can be considered 
vital for the final clinical performance of 
implanted artificial medical devices. For 
example, the promotion of tissue attachment 
and the concomitant reduction of the highly 
undesirable chronic inflammatory response 
and fibrosis around implant materials are of 
central importance for the biocompatibility of 
biomaterials1. Since various surface prop-
erties2 of an implant material determine the 
biocompatibility of these materials, surface 
modifications based on the most recent tech-
nologies are being explored in search for the 
ideal implant surface3. This study will focus 
on one of these modifications, i.e. implant 
surface texturing on a micrometer scale. 
 Earlier studies have shown that micro-
geometrical patterns on substratum surfaces 
have a high potential in provoking specific 
cellular reactions by influencing basic cellular 
mechanisms like DNA/RNA related 
processes, cellular attachment, and cell 
locomotion1-2. This led to the idea that surface 
microtexturing could be used deliberately to 
achieve certain desired end results in 
processes, like morphogenesis, cell invasion, 
repair, and regeneration4. If this hypothesis 
proves to be true, it is obvious that surface 
texturing can be a very important tool in 
designing a successful implants1, 4. 
Unfortunately, most of the currently available 
information on microtextured related cellular 
behaviour is derived from in vitro experi-
ments. In vivo studies with microtextured 
implants are scarce. Moreover, review of 
these in vivo studies shows that the design of 
the used textured implants is very diverse. But 
even with this large diversity, it is possible to 
perceive the possible potential of 
microtextured implant surfaces on several 
implant related processes. For example, some 
studies5-6 have reported on the reduction of 
epithelial downgrowth with microgrooved 
skin penetrating devices. Other investigators, 
which implanted microporous or pillared 
surfaces subcutaneously, found tightly adher-
ent fibrous capsules without inflammatory 
cells7, reduced fibrosis8, and improved blood 
vessel proximity8. These results, together with 
the fact that our laboratory has been involved 
in the development of a new, subcutaneous 
anchored, percutaneous device for more than 
10 years9-13, suggested evidently a study of the 
tissue response to standardized surface pat-
terns. Therefore, the specific aim of this study 
was to evaluate the effect of a subcutaneous 
implant with a standardized pattern of shallow 
surface micro grooves on the surrounding 
tissues in rabbits. 
 
MATERIALS AND METHODS 
Production and characterization of the 
microtextured substrata 
Surface textured experimental substrata were 
produced by first making silicon oxide 
moulds with photolithography14-15. These 
moulds were covered with silicone elastomer 
(MDX 4-4210, Dow Corning) and after 
polymerization the silicone rubber surface 
replica was removed from the mould. The 
final experimental implants were obtained by 
cutting the silicone 
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TABLE I 
Designer values of the micro grooves on the silicon 
mould surface (Gd=groove depth, Gw=groove width, 
Rw=ridge width, and P=pitch). 
 
 
══════════════════════════════ 
 
rubber castings into round discs. All implants 
had a diameter of 15.0 mm, were 1.45 mm 
thick, and had one smooth and one textured 
side. Subsequently, the implants were cleaned as 
described before16 and prepared for implantation 
by radio frequency glow discharge (RFGD; 
PDC-3XG, Harrick; Argon, 0.15 Torr, 5 min-
utes). After RFGD treatment the implants were 
stored in sterile 6 well cell culture plates 
(Greiner) for transport to the operation theatre. 
 Additional implants were produced to 
enable surface characterization. The production 
process and post production treatment of these 
implants was identical to those produced for im-
plantation. The surfaces of the implants were 
investigated by scanning electron microscopy 
(SEM; JEOL 6310) and atomic force micro- 
 
Figure 1   The schematic drawing of the rabbit shows the sites of implantation. The letters of these sites (A to D, and E to H) 
correspond with the letters in the upper left hand table. This table, together with the two additional tables make it possible to 
determine which implant (smooth or textured) was implanted at which specific site. For example, the implantation periods for 
rabbit #8 were 7 (top right hand table) and 42 (bottom table) days. During the 7 day period, the SilD10 implant was located on 
site B and the SilD02 implant on site D (read upper left hand table from left to right), while during the 42 day period the SilD00 
implant was located at site G (read upper left hand table from top to bottom). Implant textures are given in Table I. 
 
   Designer  values  
Surface  Gd (μm)  Gw (μm)  Rw (μm)  P (μm) 
 SilD00  ----  ----  ----  ---- 
 SilD02  0.50  2.00  2.00  4.00 
 SilD05  0.50  5.00  5.00  10.00 
 SilD10  0.50  10.00  10.00  20.00  
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scope (AFM; Polaron SP300). The designer 
dimensions of the surface patterns can be found 
in Table I. 
 
Animal model and implantation 
For implantation, a total of 12 female New Zea-
land White rabbits, 3 months of age (2-6 kg), 
were used. The smooth and textured implants 
were inserted for periods of 3, 7, 42, and 84 
days (Figure 1), and were placed in four 
separate surgical sessions, set up according to 
the split plot design17. During every surgical 
session, the implants were placed on either the 
left or right side of the spinal column, enabling 
the evaluation of two implantation periods 
within a single rabbit. Randomization of the site 
of implantation for the various types of implant 
texture and length of implantation period was 
achieved with a Latin square implantation 
schedule (Figure 1). For every period of implan-
tation, six implants with an identical surface 
texture were used.  
In total, 96 implants were evaluated during this 
study. 
 Before surgery, the skin was shaved, 
washed and disinfected with iodine. The actual 
surgical procedures were performed under 
general anaesthesia, induced by intramuscular 
injection of Hypnorm™ (0.5 ml/kg) and atropine 
(0.5 mg/animal). After orotracheal intubation, 
anaesthesia was maintained by ethrane (2.0-
3.0%) through a constant volume ventilator. 
During each surgical session, four paravertebral 
incisions of approximately 15 mm were made. 
Lateral to these incisions small subcutaneous 
pockets were created by blunt dissection with 
scissors. The implants were inserted in the 
pockets (textured side medial), but were not 
fixed with sutures. Finally, the wounds were 
closed intracutaneously with Vicryl™ 3-0. To 
reduce the perioperative infection risk, prophy-
lactic antibiotic Terramycine™ was administered 
postoperatively. After surgery, the animals were 
placed in a cage and allowed to move
══════════════════════════════════════════════════════════════ 
TABLE II 
Parameters used in the statistical analysis of the soft tissue microtextured silicone rubber implants 
████████████████████████████████████████████████████████████████ 
GENERAL 
--- Section#   [independent] 
--- Animal#   [independent] 
--- Side   [L/R] 
--- Site   [1/2/3/4] 
--- Implantation period  [3/7/42/84] 
--- Implant texture  [0/2/5/10] 
 
CAPSULE, LOCALISATION 
--- No capsule present  [1] 
--- Capsule on 1 (dermis) side [2] 
--- Capsule on 1 (medial) side [3] 
--- Capsule on 2 sides present [4] 
 
 
 
CAPSULE, FORMATION 
--- No capsule present  [1] 
--- Loose, fibro-elastic  [2] 
--- Loose, adipose [3] 
--- Loose, fibro-adipose  [4] 
--- Less dense [5] 
--- Dense  [6] 
CAPSULE, CELLULAR 
--- Fibroblast thickness 
 [1=0, 0<2<5, 5<3<10, 10<4<30, 5>30] 
--- Fibroblasts contacting surface [1=YES, 2=NO] 
--- Acute/chronic inflam. process [1=AC, 2=CHR] 
--- Severity inflammatory process [1=none, 4=severe] 
--- Inflammatory cells location 
 [1=non, 2=end, 3=middle, 4=2+3] 
--- Inflam. cells contacting surface [1=YES, 2=NO] 
 --- macrophages [1=YES, 2=NO] 
 --- giant cells  [1=YES, 2=NO] 
 --- PMNs  [1=YES, 2=NO] 
 --- plasma cells [1=YES, 2=NO] 
--- Blood vessels present [1=YES, 2=NO] 
 ---  mature/new vessels [1=MAT, 2=NW] 
 
CAPSULE SURROUNDING TISSUES 
--- Acute/chronic inflam. process [1=AC, 2=CHR] 
--- Severity inflammatory process [1=none, 4=severe] 
 --- macrophages [1=YES, 2=NO] 
 --- giant cells  [1=YES, 2=NO] 
 --- PMNs  [1=YES, 2=NO] 
 --- plasma cells [1=YES, 2=NO] 
--- Blood vessels present  [1=YES, 2=NO] 
 ---  mature/new vessels [1=MAT, 2=NW] 
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Figure 2   Schematic drawing representing a section. The implant lumen is clearly visible. For histomorphometric 
evaluation a total of 16 evaluation areas were used. 
 
unrestricted at all times. Normal tap water and 
standard rabbit chow were provided ad libi-
tum. 
 
Histological evaluation 
At the end of the implantation periods, the 
animals were killed with an overdose 
Nembutal™ (i.v., 150 mg/kg). The skin was 
shaved and the implants with the surrounding 
tissues were excised immediately. A patch of 
tissue, containing one implant only, was 
labelled with an unique code, linking it direct-
ly to an implant with a specific surface tex-
ture, test animal, the date of removal, and the 
site of implantation. After fixing the speci-
mens with 10% buffered formalin solution 
through immersion for 72 hours, the tissue 
patch with the embedded implant was cut into 
two equally large pieces. Subsequently, the 
implant became visible and was removed 
from the tissue capsule with tweezers. These 
removed halves of the silicone rubber 
implants were prepared for SEM examination 
as described earlier18. In short, these samples 
were dehydrated by rinsing with 100% 
methanol for 5 minutes, air dried, sputter 
coated with gold and investigated by SEM 
(JEOL 6310). 
 After removal of the silicone implants, 
the tissue specimens were prepared for obser-
vation with confocal laser scanning 
microscopy (CLSM) and normal light 
microscopy (LM). Therefore, the samples 
were dehydrated through a series of graded 
alcohol and Histoclear™, and embedded in 
Paraplast™. Subsequently, 5.0 μm sections 
were cut with a Leitz microtome and stained 
with haematoxylin eosin (Mayer), Azan, 
May-Grünwald-Giemsa, trichrome (Goldner) 
and Picro-Sirius Red stains19. Since the Picro-
Sirius Red stain exhibits auto-fluorescent 
properties when excited at λ=568 nm, 
observation with a CLSM (Bio-Rad MRC 
1000, Bio-Rad Laboratories) was possible. 
Subsequently, the Picro-Sirius Red sections 
were viewed with normal and oil objectives, 
mounted on a Nikon Diaphot microscope. 
Digital images were captured and stored as 
described earlier20, and additional 3 dimen-
sional reconstruction of the stained tissues 
was performed by using the Confocal 
Assistant V3.10 for Windows™ 3.1x program 
(available at FTP.GENETICS.BIO-
RAD.COM; copyright Todd Clark Brelje, 
1995). 
 In short, the histological assessment 
parameters for LM were: 
 
-1- the general appearance of the tissues 
surrounding the implant. 
-2- the presence and number of inflamma-
tory cells, i.e. macrophages, giant 
cells, polymorphonuclear granulocytes 
(PMNs), and plasma cells. 
-3- the number and status of blood vessels 
in the surrounding fibrous capsule. 
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For the analyses of all the stained sections a 
refined histomorphometric grading scale17, 21 
was used (Table II). Per examined section, the 
implant surrounding tissues were evaluated by 
gathering the scores of the histomorphometric 
parameters in Table II for 16 predetermined 
fields (Figure 2). After scanning six sections 
of each implant, the results of the light micro-
scopical evaluation were evaluated with 
SAS™ (release 6.03, SAS Institute Inc., USA), 
using univariate tests, Fisher Exact tests, and 
Spearman correlation models. 
 
RESULTS 
Macroscopic findings 
Eight days after the start of the experiment, 
one of the 12 animals died due to pneumonia. 
This animal was replaced by a new rabbit, 
which received identical treatment and com-
pleted the initial implantation period. Except 
from this incident, all the experimental ani-
mals appeared to be in good health throughout 
the test period, and none of the rabbits had 
any wound complications. At sacrifice, all 
silicone rubber implants were surrounded by a 
thin, reaction-free fibrous capsule. Macro-
scopically, there were no indications of differ-
ences in capsule thickness between the vari-
ous implantation periods. 
 
 
Figure 3   SEM micrograph of the surface of a 2.0 μm 
grooved implant after a 3 day implantation period. Under-
neath the dense layer with fibroblasts, the original 
grooved silicone surface is visible. On top of this layer 
erythrocytes and inflammatory cells can be seen. 
Figure 4   SEM image of 5.0 μm grooved implant after 3 
days of implantation. The silicone surface is totally 
covered and the surface grooves are not visible. 
Fibroblasts (F), macrophages (M), erythrocytes (E), and 
many fibrin fibres are present. 
 
SEM observation of the excised implants 
SEM examination revealed that, after an im-
plantation period of 3 and 7 days, the surface 
of all implants was covered with a dense 
layer. Fibroblasts proved to be embedded in 
this layer, while erythrocytes, lymphocytes, 
and macrophages were seen on top of this 
layer (Figures 3 and 4). Furthermore, large 
quantities of fibrin (Figure 4) and collagen 
(Figure 5) were seen. The collagen fibres 
were located on top of the dense layer or 
directly in contact with the silicone surface. 
These fibres appeared to be orientated ran-
domly on all textured surfaces. 
 
Figure 5   On this SEM image (3 days of implantation), 
the 2.0 μm grooved silicone surface (g=groove, r=ridge) is 
visible underneath the collagen fibres. Several punctured 
erythrocytes (E) and a macrophage (M) are located within 
the collagen matrix. 
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Figure 6   Detail of the inflammatory cell accumulation at 
the interface after 3 days of implantation. (10.0 μm 
grooved implant; HE stain; original magnification 400x) 
 
 After 42 and 84 days of implantation, 
only few collagen fibres were observed on the 
surfaces of the retrieved silicone implants. On 
most of the implant surfaces only a dense 
deposit was visible. Occasionally, fibroblasts 
were seen, but these cells did not show any 
signs of alignment to the surface pattern. As 
with the various textured implants after an im-
plantation period of 3 and 7 days, no differ-
ences were found in the number of cells or the 
amount of ECM material on the smooth and 
textured surfaces. 
 
Descriptive LM and CLSM evaluation of the 
implant surrounding tissues 
Gross evaluation of the differently stained 
 
Figure 7   Three dimensional reconstructed CLSM image 
of the collagen fibres in the implant surrounding capsule 
after 3 days of implantation (5.0 μm grooved implant). 
The collagen fibres are orientated parallel and perpendicu-
lar to the implant surface. In addition, small globular 
collagen concentrations can be seen. 
Figure 8   After 7 days implantation many blood vessels 
(¿À) can be seen in the capsule. The more tightly packed 
capsule possessed several layers of flattened fibroblasts. 
(2.0 μm grooved implant; original magnification 160x) 
 
sections revealed that the tissue reaction to all 
implants appeared to be relatively uniform. 
After a 3 day implantation period, LM 
showed that the implants were surrounded by 
a loose collagen matrix, containing fibroblasts 
and many inflammatory cells, i.e. 
granulocytes, macrophages, and monocytes 
(Figure 6). At the interface between implant 
and the surrounding tissues, these inflamma-
tory cells had accumulated, while very few 
fibroblasts were seen at this location. In 
addition to the LM observation, 3 dimensional 
reconstruction of loose collagen matrix 
surrounding the implants after 3 days revealed 
that very long collagen fibres were present, 
following the surface of the implant (Figure 
7). More or less perpendicular to these long 
fibres, smaller collagen fibres were seen, 
forming a type of lattice. Finally, many 
globular structures were observed, which 
appeared to be attached to this loose collagen 
lattice. 
 CLSM observation of the tissues after 
an implantation period of 7 days showed a 
transition of the implant surrounding capsule 
from a loose collagen matrix to a more dense-
ly packed capsule. The collagen fibres in these 
capsules were much thicker. In addition, all 
fibres seemed orientated parallel to the initial 
implant surface. LM investigation showed 
several layers of fibroblasts, which appeared 
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as either active cells with a round nucleus or 
as highly elongated cells with a flattened 
nucleus. Very often these flat, elongated 
fibroblasts were found in or close to the sur-
face layer of the tissues bordering the implant 
lumen. In addition, many sections showed 
newly formed vessels (Figure 8). All sections 
displayed a large decrease of the number of 
inflammatory cells. This decrease was seen 
most clearly at the interface between the tis-
sues and the implant lumen, where no or little 
inflammatory cells were observed after 7 days 
(Figure 9). 
 The histological appearance of the 
tissues after the 42 and 84 day implantation 
periods was highly comparable. With both 
implantation periods, implant surrounding 
capsules were seen to consist out of tightly 
packed, mature collagen. Embedded in this 
matrix, flat elongated fibroblasts were 
observed. At the interface between the tissues 
and the lumen of the removed implant flat-
tened fibroblasts, but no inflammatory cells 
were seen (Figure 10). 
 
Histomorphometric evaluation of the implant 
surrounding tissues 
Statistical analysis with the Spearman correla-
tion model showed that there was no correla-
tion between the location of a specific implant 
type (Figure 1) and the values of investigated 
parameters (Table II) for each of the implan-
tation periods (0.10052≤rs≤0.31569). How-
ever, high correlation was found when para-
meter scores were compared for the same 
evaluation fields (Figure 2) of identical tex-
tured implants within a single implantation 
period (0.88941≤rs≤0.96923). In contrast, the 
correlation between fields 10 to 15 (smooth 
side implant; Figure 2) of the different 
textured implants within a single implantation 
period proved to be relatively low 
(0.19560≤rs≤0.37317). 
 Statistical evaluation of parameters 
mentioned in Table II with a Fisher Exact test 
Figure 9   Magnification showed the decrease of the 
number of inflammatory cells at the interface, and the 
various nucleus shapes of the fibroblasts in the capsule 
after 7 days of implantation. (2.0 μm grooved implant; 
Mason Trichrome stain; original magnification 400x) 
 
showed that the capsule surrounding all im-
plants became significantly more dense with 
increasing length of the implantation period 
(2.17x10-5≤P3-84 days≤0.0241). Furthermore, 
the thickness of this capsule, measured by 
counting the layers of fibroblasts, proved to 
increase significantly over time (7.36x10-
8≤P3-84 days≤0.0054). On the other hand, no 
significant differences in capsule density or 
thickness were detected between the smooth 
and the textured implant surfaces for all 
implants during all implantation periods 
(Figure 11). 
 
Figure 10   High magnification of the fibroblasts at the 
interface of capsule and implant lumen after 84 days of 
implantation. The fibroblasts are flattened and arranged 
parallel to the implant surface. No inflammatory cells are 
present. (5.0 μm grooved implant; Mason Trichrome 
stain; original magnification 400x) 
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Figure 11   Average histological scores for capsule thick-
ness (Table II). No significant differences were detected 
between the various textured implants with identical 
implantation periods. 
 
In contrast, differences were found for the 
number of inflammatory cells that were pres-
ent at the interface between the implant lumen 
and surrounding tissues (Figure 12). It proved 
that after an implantation period of 42 and 84 
days, significantly more inflammatory cells 
(0.0018≤P≤0.026) were present at the inter-
face with the SilD00 implant lumen than at 
the SilD02, SilD05, and SilD10 implant 
lumen interface. No significant differences in 
the number of inflammatory cells were 
detected between the smooth and textured 
side of the SilD02, SilD05, and SilD10 
implants. More- 
 
Figure 12   Average histological scores for the severity of 
the inflammatory process (Table II). Significant differ-
ences were detected between the smooth and the textured 
implants for all implantation periods. 
over, significantly more inflammatory cells 
were present in the SilD00 implant capsules 
than in SilD02, SilD05, and SilD10 implant 
capsules during all the incubation periods 
(0.00625≤P3-84 days≤0.0158). During these 
implantation periods, it was found that the 
various types of inflammatory cells in the 
tissues surrounding the smooth and textured 
implants did not differ (P3-84 days≥0.122). 
Finally, no significant differences concerning 
the presence, position, or type of inflamma-
tory cells were found for the SilD02, SilD05, 
and SilD10 implants (P3-84 days≥0.211). 
 For the presence and location of blood 
vessels, it was found that the number of 
vessels that were present in the capsules of all 
implants did differ significantly. After 7 days 
of implantation, small vessels were present in 
the capsule of all implants. Statistical testing 
showed that the number of vessels in the 
capsule was significantly lower with the 
SilD00 implants than with the SilD02, 
SilD05, and SilD10 implants (0.00293≤P7-84 
days≤0.0272). No significant differences in the 
number of vessels were detected between the 
SilD02, SilD05, and SilD10 implants and the 
textured and smooth side of the these 
implants. Finally, the number of vessels that 
was observed in the capsule of all implants 
was the highest after 7 days of implantation, 
and significantly decreased with longer im-
plantation periods (P≤0.0469). 
 
DISCUSSION AND CONCLUSIONS 
The results of this study did not show signifi-
cant differences in capsule thickness between 
smooth and textured implant surfaces (Figure 
11). Although the CLSM images made it 
possible to observe the development of the 
collagen matrix in the capsule over time, no 
differences could be detected that might have 
been caused by the texture of the implant 
surfaces. In addition, the histological evalu-
ation combined with the statistical analysis 
showed that after 84 days of implantation the 
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capsules surrounding all implants were at least 
20 fibroblasts thick. These findings do not 
support the hypothesis that microtextured 
implant surfaces reduce the size of the capsule 
surrounding these implants1-2. According to 
this hypothesis, the size of the capsule is 
reduced by mechanical interlocking between 
the implant and the surrounding tissues. The 
interlocking would reduce the stress and 
movement at the implant interface and limit 
the consequential "mechanical irritation" of 
the surrounding tissues, which is supposed to 
induce tissue damage, fibrosis, and severe 
inflammatory responses1-2, 7-8. Other investiga-
tors indeed have reported reduction of the 
capsule size due to microtextured surfaces. 
However, review of these studies7-8, 22-23 
shows that the surface texture of the implants 
in these studies differs significantly from our 
implants, both in terms of microfeature 
appearance (pores, pillars, tapered pits, or V-
shaped grooves) and dimensions (feature 
depth, size, and pitch). These considerable 
differences make it possible to suggest that 
the dimensions of our grooves and ridges 
were not sufficient to facilitate mechanical 
interlocking. As a result, the "mechanical 
irritation" of the smooth and grooved surfaces 
would be comparable, resulting in capsules of 
equal thickness. Furthermore, our textured 
implants possessed one smooth and one 
textured side. Although this opened up the 
possibility for intra-implant evaluation, it did 
not enhance possible mechanical interlocking 
between the implant and the surrounding 
tissues. Therefore, it can be questioned 
whether the capsule thickness would have 
been less, if both sides of the implant would 
have been textured. 
 Considering the results found for the 
capsule thickness, it is remarkable that signifi-
cantly more inflammatory cells were present 
in the smooth implant capsules than in the 
capsule surrounding the textured implants 
(Figure 12). In addition, it is surprising that 
these differences were not found between the 
smooth and textured side of the SilD02, 
SilD05, and SilD10 implants. This suggests 
that the influence of the textured implant sur-
face on the surrounding tissue transcends the 
area directly in contact with these surfaces. 
Several hypotheses apply as possible explana-
tions for the observed discrepancies. For 
instance, it is suggested that mechanical inter-
locking could reduce the interfacial shear 
forces which are supposed to induce severe 
inflammatory responses. However, 
considering the thickness of the implant 
surrounding capsule, it remains doubtful 
whether mechanical interlocking did occur. 
Another possibility could be that direct attach-
ment of fibroblasts to the implant surface 
promotes implant immobilization and 
therefore prevents or diminishes the presence 
of inflammatory cells at the implant/tissue 
interface5. That fibroblasts attach to the 
implants was observed with SEM, while LM 
showed that fibroblasts were present at the 
interface between tissues and implant lumen 
after prolonged implantation (Figure 10). The 
question remains however, if this direct 
attachment of fibroblasts to the implant 
surface is strong and durable enough to induce 
the observed differences in inflammatory 
response. 
 Our SEM observations also showed 
that the fibroblasts on the textured implant 
surfaces did not orientate themselves parallel 
to the surface grooves. This is not in 
agreement with the findings of earlier in vitro 
studies1-2, 4, 16, 18, 26-28. In addition, our previous 
CLSM study20 with RDFs on microtextured 
surfaces showed that intracellular components 
were aligned along SilD02 grooves and 
ridges. A possible explanation for these differ-
ences between in vitro and in vivo 
orientational cell behaviour could be that the 
cells that are used in in vitro studies are 
isolated cells, which have no contact with 
other cells, cell types, or ECM. Previous 
studies4, 26-27 show that prolonged in vitro 
incubation on microtextured surfaces results 
  
104 
in the formation of cell-cell contacts, an 
increase of the spread area, and a decrease of 
the orientation of the cells on these surfaces. 
Consequently, it was supposed that the 
observed guidance phenomenon is an initial 
response of cells in vitro to certain 
microtextured surfaces, which is lost grad-
ually after cell-cell contacts are formed4, 26-27. 
In tissues, these contacts with other cells are 
already present, which could mean that the 
orientational effect of the textured surfaces is 
overruled by stronger tissue related signals or 
cues. 
 Concerning the vascularity of the cap-
sules, we observed that significantly more 
blood vessels were present in the capsules of 
the microgrooved implants after 7 days of 
implantation. Although other studies8, 24 also 
reported a higher incidence of blood vessels in 
the capsules surrounding textured implants, 
the validity of a comparison can be ques-
tioned. Indeed, in both studies microtextured 
silicone rubber implants were used, but the 
textures of the surfaces were considerably 
different. In one study24, an aspecific, non 
characterized, rough surface was used, while 
in the other8 a pillared surface was implanted 
with pillars 10,000 times higher as the ridges 
in this study. Furthermore, the latter only 
reports an improved blood vessel proximity, 
and does not issue any statements on the 
origin or status of these vessels. In our study, 
the observed vessels after 7 days of 
implantation appeared to be newly formed, 
but their numbers decreased with longer 
implantation periods. This could indicate that 
the formation and presence of these vessels 
were part of the proliferation phase of the 
woundhealing process29. This proliferation 
phase is a part of the formation of granulation 
tissue, which is characterized by high 
fibroblast densities, the formation of new 
blood vessels, and a new connective tissue 
matrix29. After repair, the number of the 
vessels decreases generally, marking the end 
of the woundhealing process and the start of a 
steady state. The fact that more vessels were 
observed around the textured implants during 
our study could indicate at a higher rate of 
tissue repair. 
 In conclusion, it can be said that our 
study did not show any changes in thickness 
of the implant surrounding capsule due to the 
shallow implant surface grooves. As men-
tioned before, deeper grooves could perhaps 
improve the mechanical interlocking between 
the tissues and the implant, thereby reducing 
the thickness of the capsule. If such a reduc-
tion could be achieved, this would enhance 
the performance of many soft tissue implants. 
In addition, differences were observed in 
inflammatory response and the number of 
bloodvessels. Further research could perhaps 
clarify what mechanisms cause these phenom-
ena and whether the observed differences 
change if the depth of the surface grooves 
increases. 
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INTRODUCTION 
Previous research has demonstrated that the 
response of cells and tissues to implant sur-
faces with micropatterns is unique and repro-
ducible1-3. The results of these experiments 
have provided many investigators with the 
opportunity to hypothesize on the usefulness 
and advantages of textured implant surfaces 
over smooth ones. For example, in an exten-
sive review by Curtis and Clark3 on this sub-
ject, some suggestions are summed up in 
favour of the application of surface micro-
patterns to medical devices, e.g. 
-1- Reduction of lymphocyte penetration 
into grafted skin. 
-2- Improving nervous system regeneration, 
in particular spinal cord regeneration. 
-3- Trapping cells such as tumour cells in 
topographical traps. Topographical traps 
in this case could be shapes that 
immobilize cells in certain positions. 
-4- Aligning and improving connective 
tissue and intracellular material. 
-5- Forming tubules of cells such as various 
ducts and capillaries. 
 
 Recognizing the possible potential of 
microtextured implant surfaces, many investi-
gators have studied cellular behaviour to vari-
ous micropatterns produced in glass, poly-
styrene, silicon, quartz, Epon surface replicas, 
and silicone rubber surface replicas2, 4-9. 
Although many silicone rubber implants do 
exist, other materials like titanium are usually 
used for implant purposes. However, until 
now this material was never applied in micro-
texturing experiments due to difficulties of 
producing micropatterns in the surface of this 
metal. Some have tried to solve this problem 
by coating plasma etched silicon surfaces with 
titanium9. But, although these studies have 
presented very useful results, this method 
offers no satisfactory solution for the fabrica-
tion of micropatterned titanium implant sur-
faces. 
 Therefore, the aim of this study was: 
-1-  to investigate the possibility of produc-
ing micropatterns in bulk commercially 
pure titanium (cpTi), a frequently used 
biomaterial. 
-2- to compare fibroblast behaviour on 
these cpTi micropatterns with the results 
of our earlier experiments with 
microtextured silicone rubber substrata. 
 
MATERIALS AND METHODS 
Production and characterization of the 
titanium microtextured wafers 
In order to produce cell culture substrata, 
circular titanium wafers with a diameter of 
76.2 mm (3") were cut out of titanium plate 
material (cpTi Grade II, Engelhard-CLAL/ 
Drijfhout B.V., The Netherlands). Subse-
quently, these cpTi wafers were polished 
mechanically (grit size ≥0.25 μm) to create a 
smooth surface, which is indispensable for 
accurate patterning with photolithography 
techniques.  
 Standard lift-off photolithography was 
used to transfer gratings of 1.0, 2.0, 5.0, and 
10.0 μm wide into Shipley 1805 photoresist. 
Before spinning the photoresist, the wafers 
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were cleaned carefully in boiling acetone and 
fuming 100% HNO3 to remove particles and 
organic residues. After a prebake at 90°C, the 
titanium wafers were aligned and exposed 
using an ElectroVision Maskaligner. Finally, 
the exposed photoresist was removed in a 
Shipley developer (351), and a chromium 
layer of 50 nm was evaporated on the wafer 
surface by E-gun evaporation as mask 
material. Before plasma etching, the unex-
posed photoresist regions were removed by 
lift-off in an acetone ultrasonic bath.  
 After removal of the non-exposed 
chromium, SF6/O2 chemistry was used to etch 
the cpTi wafers with an ion energy of 250 eV 
in a standard RIE etcher (STS, PlasmaFab 
340/310). Special precautions were taken to 
reduce condensation of TiF4 on wafer surface 
and reactor wall. Therefore, the etch process 
was carried out at a pressure of 20 mTorr, 
while the chamber wall and electrode 
temperature were heated up to a temperature 
of 80°C. After etching, the chromium layer 
was stripped off and the surface examined by 
scanning electron microscope (SEM; JEOL 
6310), surface profilometer (DEKTAK 3030, 
Sloan), and energy dispersive spectroscopy 
(EDS, Noran 5500). 
 
Cell culture 
For harvesting rat dermal fibroblasts (RDFs), 
abdominal skin grafts were taken from male 
Wistar rats (100-120 gram). After dissociation 
and culture of the RDFs as described earlier4-
8, the fifth generation of these cells was ident-
ified as (myo)fibroblasts and used for further 
experiments. 
 Before using the cpTi wafers for cell 
culture purposes, these substrata were given 
an ultrasonic rinse in 30% nitric acid (Merck) 
for 5 minutes, followed by flushing the wafers 
with tapwater for 15 minutes. Subsequently, 
the substrata were rinsed ultrasonically in 
20% Na2CO3 solution (15 minutes; Merck), 
dried under a constant N2 gas flow, rinsed 
ultrasonically in pure acetone (Merck) for 5 
minutes, and rinsed twice in distilled, 
deionized water for 15 minutes. Finally, the 
wafers were sterilized for cell culture by boil-
ing in 70% ethanol for 15 minutes. 
 After air-drying the titanium wafers in 
a laminar flow cabinet and positioning them 
in the petri dishes (∅=90mm; Bibby Sterilin 
Ltd., U.K.), 2.0 x105 viable RDFs in α-MEM 
with Earl's Salts and L-glutamine (Gibco), and 
10% (v/v) heattreated fetal calf serum (Gibco) 
were added to each wafer. The cells were 
incubated for 3 days (37°C, 5% CO2 -95% 
air) under static conditions, while the growth 
medium was changed after 2 days of culture. 
These experiments were performed in six-
fold. 
 
Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM) 
At the end of the incubation period, all 
cultures were given two 5 minute rinses with 
phosphate buffered saline without magnesium 
and calcium (PBS Dulbeco; pH 7.2) to 
remove non-attached cells. For SEM, the cells 
on the cpTi microgrooved substrata were 
fixed for 30 minutes with 2.5% 
glutaraldehyde 0.1M sodium cacodilate (pH 
7.3), supplemented with 0.1M sucrose. After 
fixation, the wafers were rinsed twice with 
0.1M phosphate buffer (30 minutes) and 
dehydrated using a graded ethanol series and 
tetramethylsilane (TMS, 5 minutes, Sigma)10-
11. Subsequently, the samples were air dried, 
sputter-coated with gold, and viewed with 
SEM immediately after preparation. 
 For TEM, the cell cultures were 
treated as described before8. In short, the cells 
on the titanium wafers were fixed with 2.0% 
glutaraldehyde (Merck) in 0.1M phosphate 
buffer (pH 7.3) for 2 hours at 4°C and 
postfixed with a 1.0% OsO4 (Merck) - 0.1M 
phosphate buffer solution for 1 hour. Follow-
ing dehydration with a graded ethanol series, 
random areas on the wafer were covered with 
Epon, which was left to polymerize for 24 
hours at 60°C. After polymerization, the Epon 
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blocks were removed from the titanium sur-
face by N2 freeze fracture. These Epon blocks, 
which contained the RDFs and a cast of the 
microgrooved wafer surface, were reem-
bedded in Epon. Ultrathin sections 
perpendicular to the surface grooves were cut 
on a Reichert OMU-3 ultramicrotome with a 
diamond knife (DRUKKER International, 
The Netherlands). Sections were collected on 
Formvar-coated copper grids and stained with 
saturated uranylacetate (20 minutes) and 
leadcitrate (10 minutes) for contrast enhance-
ment. All specimens were observed with a 
JEOL 1210 transmission electron microscope. 
 
Confocal Laser Scanning Microscopy 
(CLSM) 
CLSM preparation and observation of the 
RDFs on the cpTi microgrooved wafers was 
performed as described elsewhere7. In short, 
the titanium wafers were first rinsed with PBS 
to remove non attached cells. After this first 
rinse, the cells were fixed with 2.0% para-
formalin (Merck) in PBS for 15 minutes, and 
permeabilized with 1.0% Triton X-100 for 5 
minutes. For visualizing the vinculin con-
taining focal adhesion points of the RDFs, 
mouse monoclonal antibody hVIN-1, specific 
for vinculin12 (30 minutes; Sigma) and 
fluorescein iso-thiocyanate (FITC) conjugated 
goat anti-mouse IgG (30 minutes; Sigma) 
were used. The RDF stress fibres were vis-
ualized with thiorhodamine iso-thiocyanate 
(TRITC) labelled phalloidin (30 minutes; 
Sigma). 
 Immediately after performing the 
double stains, the RDFs were viewed with a 
Bio-Rad MRC 1000 CLSM (Bio-Rad Labora-
tories). To avoid possible damage of the 
samples due to the size of the titanium wafers, 
the stained areas were not covered with a 
coverslip. Consequently, the CLSM consisted 
out of a Nikon Diaphot microscope with non-
cover glass (NCG) objectives (Nikon). Next 
to the fluorescence mode, the krypton/argon 
mixed gas laser (Ion Laser Technology, Salt 
 
Figure 1   Scanning electron micrograph of the four 
different microtextures on the cpTi wafer surfaces. The 
dents in the surface and consequential pattern damage is 
clearly visible. Furthermore, the protrusions on the surface 
edge and the difference in the roughness of the groove 
bottom and ridge crest can be seen. 
 
Lake City, UT, USA) of the CLSM was used 
to visualize the underlying microtextured cpTi 
surface with the reflection mode. After 
capture of the digital images with a Synoptics 
Sprynt frame grabber and storage on an 1 GB 
optical disk cartridges (LM-D702W, Pana-
sonic), Confocal Assistant V3.10 for Win-
dows™ 3.1x (FTP.GENETICS.BIO-
RAD.COM; copyright Todd Clark Brelje, 
1995) was used to create 24 bits RGB (Red-
Green-Blue) overlay images. These digital 
images made it possible to capture the fluor-
escent and reflection data in one picture. The 
RGB images were transferred to CD-ROM by 
using a CD-ROM writer (CDD2000, Philips) 
for permanent storage and analysis. 
 
RESULTS 
Characterization of the wafer surfaces 
Examination of the microtextured wafer 
surface with SEM showed some 
imperfections of the surface patterns. 
Frequently, dents (Figure 1) and slopes 
(Figure 2) in the wafer surface were seen, 
causing damage or discontinuity of surface 
ridges and the etched surface pattern in 
general. Occasionally, protrusions on the 
ridge edges were seen (Figure 1). Further 
inspection revealed that the ridge crests were 
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Figure 2   SEM image of a TiD01 surface. The slopes in 
the cpTi wafer surface cause imperfections of the etched 
surface pattern. 
 
 
smooth, while the bottom of the grooves pos-
sessed an aspecific roughness. Finally, devi-
ations of the ridge shape were observed. 
Although most ridges possessed a rectangular 
shape with angles close to 90°, the 1.0 μm 
ridges (TiD01) occasionally displayed a tri-
angular configuration. In addition, some 5.0 μm 
(TiD05) and 10.0 μm (TiD10) ridge edges dis-
played signs of underetch, giving these surface 
features a mushroom-like appearance. 
 Concerning the dimensions of the sur-
face patterns, the DEKTAK profilometer 
showed that the measured values differed from 
═════════════════════════════ 
TABLE I 
Designer and measured values of the micropatterns 
on the titanium wafers surfaces 
(Gw=groove width, Rw =Ridge width) 
 
 
 
 
 
Figure 3   SEM photograph of RDFs on a TiD01 and 
TiD05 surface after 3 days of incubation. Although detec-
tion of the complete cell perimeter is difficult, the cells 
appear to be aligned parallel to the surface pattern. 
 
the intended designer values. Both the designer 
and actual surface texture dimensions can be 
found in Table I. Measurements also showed 
that the titanium wafers possessed a curvature of 
the surface. This curvature proved to be 
≤0.09%, causing the depth of the surface 
grooves to range from 1.1 and 2.2 μm. Finally, 
EDS showed no chromium, natrium, or vana-
dium impurities of the titanium wafer surfaces. 
 
Scanning electron microscopy (SEM) of the 
RDFs on the textured surfaces 
Study of the RDFs on the microtextured cpTi 
surfaces with SEM showed large quantities of 
cells, which were arranged mainly as 
monolayers (Figure 3). Occasionally, RDFs 
were seen on top of other cells (Figure 4). This 
concerned single RDFs and not tightly packed, 
continuous multilayers of cells. Majority of the 
RDFs on the textured surfaces had formed many 
cell-cell contacts (Figure 3). These cell-cell con-
tacts made the determination of the RDFs main 
direction of orientation difficult. Nevertheless, 
the main vector of orientation seemed to be 
directed parallel to the surface ridges on all 
patterns. This was especially clear on the TiD01, 
TiD02, and TiD05 surfaces. 
 Further, we observed that all cells 
 
  Designer  values  Actual  values 
Surface Gw 
(μm) 
Rw 
(μm) 
Gw 
(μm) 
Rw 
(μm) 
 TiD01  1.0  1.0  1.0  0.8 
 TiD02  2.0  2.0  2.1  1.4 
 TiD05  5.0  5.0  5.0  3.6 
 TiD10  10.0  10.0  9.2  8.0 
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Figure 4   SEM image of two RDFs on a TiD02 surface 
after 3 days of incubation. Cell extensions of the bottom 
cell attach to the surface ridge. 
 
spanned the surface grooves, disregarding the 
groove width or depth (Figure 3). Close 
examination of the RDF attachments frequent-
ly showed specific cell attachments to the 
surface ridges (Figure 4) and other cells (Fig-
ure 5) on all surface patterns. Distinct cell 
attachments to the bottom of the grooves 
could not detected by SEM. 
 
Transmission electron microscopy (TEM) 
General examination of the RDFs on the sur-
faces with TEM showed that these cells were 
arranged in a monolayer conformation. As 
with SEM, RDFs were seen occasionally on 
top of each other, but a continuous multilayer 
was not detected. Higher magnification 
learned that all cells on all surfaces displayed 
a normal appearance (Figure 6 to 10). The 
nucleus of the RDFs contained both 
euchromatin and heterochromatin, while in 
the cytosol intracellular components like the 
endoplasmatic reticulum (ER), the Golgi ap-
paratus, mitochondria, lysosomes, and auto-
phage vacuoles were observed. Widening of 
the ER was not found in any of the cells. 
Ribosomes were seen either as free ribosomes 
or associated with the ER. Finally, small 
quantities of glycogen were observed in the 
cytosol. Although the titanium wafers were 
 
Figure 5   Scanning electron image of RDFs on a TiD01 
and TiD10 surface after 3 days of incubation. The cells, 
which attach to the surface ridges or to each other through 
cell-cell contacts, appear to avoid contact with the bottom 
of the grooves. 
 
removed during the preparation of the 
samples, an electron dense film outlined the 
features on the surface of the removed wafer. 
This film, that was seen in all samples, was 
approximately 6 nm thick and consisted prob-
ably out of adsorbed proteins originating from 
the culture medium. With the help of this film, 
 
Figure 6   Transmission electron micrograph of a RDF on 
a TiD01 surface (3 day incubation). An electron dense 
protein layer outlines the textured wafer surface. Despite 
the triangular surface ridges, the cell membrane appears 
not to be punctured. Focal contacts can be found at the 
points of contact between the cell and the surface ridges. 
No contact can be found between the cell and the bottom 
of the grooves. 
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Figure 7   TEM micrograph of a RDF on a TiD02 surface 
(3 day incubation). Clearly defined focal adhesion points 
(¿) can be seen on or near the edges of the surface ridges. 
There is no contact between the RDF and the bottom of 
the groove. The black electron dense areas are titanium 
residues, torn of the wafer surface during preparation. 
 
it was possible to evaluate the quality of the 
etched surface features and the contact 
between these features and the RDFs. 
 TEM confirmed that some areas of the 
TiD01 surfaces possessed triangular ridges 
 
Figure 8   Transmission electron micrograph of a RDF on 
a TiD05 surface after 3 days of incubation. The cell pro-
trudes into the groove, but does not contact the bottom of 
the groove. Focal adhesion points (¿) can be seen on the 
edge of the ridge and the wall of the surface groove. 
Figure 9   Higher TEM magnification of the RDF in 
Figure 8. A focal adhesion point (¾) is wrapped around 
the edge of the surface ridge. 
 
(Figure 6). RDFs on these triangular ridges 
only contacted the top of the ridges. Some 
focal adhesion points were found on the 
pointed ridges, but these structures were not 
defined as clearly as on the other surface pat- 
 
Figure 10   TEM image of RDFs on a TiD10 surface (3 
day incubation). The underlying cell contacts and attaches 
to the bottom of the groove (see ¾ ¿). Focal adhesion 
points are present on the edge of the ridge and the bottom 
of the groove. 
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terns. No contact was found between the 
RDFs and the bottom of the TiD01 grooves. 
 The patterns on the TiD02 surfaces 
existed solely out of ridges with (near) rec-
tangular edges (Figure 7). Occasionally, elec-
tron dense residues were seen, which orig-
inated from the original titanium wafer sur-
face. In contrast with the RDFs on the TiD01 
surfaces, the cells on the TiD02 textures pos-
sessed many well defined focal adhesion 
points. In none of the investigated TiD02 
sections RDFs contacted the bottom of the 
surface grooves. 
 The ridges of the TiD05 patterns pos-
sessed protruding edges, which gave the 
ridges a mushroom-like shape (Figure 8 and 
9). Moreover, the angle between the walls and 
the floor of the surface grooves proved to be 
rounded. Although the RDFs on the TiD05 
patterns protruded occasionally into the 
grooves, these cells never made contact with 
the floor of these grooves (Figure 8). Focal 
adhesion points were found on the crests and 
edges of the ridges and on the walls of the 
surface grooves. Occasionally, these 
structures were wrapped around the edges of 
the ridges (Figure 9). 
 Mushroom-like shaped ridges and 
rounded angles between the groove wall and 
groove floor were also found with the TiD10 
textures. Furthermore, the RDFs on these 
surface patterns also protruded into the 
surface grooves, but this occurred more 
frequently than on the TiD05 surfaces. At 
many sites, the cells on the TiD10 textures 
contacted the bottom of the grooves, often 
resulting in the formation of focal adhesion 
points (Figure 10). In addition, the cells also 
showed the presence of focal adhesion points 
on the crests and edges of the ridges. 
 
Confocal scanning laser microscopy (CLSM) 
With the help of fluorescent staining tech-
niques and additional imaging software, we 
studied the relation between the stress fibres, 
 
vinculin containing attachment complexes, 
and the surface features. Careful examination 
of these digital images showed that the RDFs 
on the TiD01 and TiD02 surfaces possessed 
stress fibres that were highly aligned with the 
surface grooves and ridges (Figure 11). Many 
of these fibres ended at the vinculin contain-
ing focal adhesion points, which were located 
specifically on the surface ridges of these 
patterns. These focal points had an elongated 
ecliptic shape and were also orientated 
parallel with the surface ridges. 
 Predominant orientation of the stress 
fibres and vinculin containing focal adhesion 
points were not observed on the TiD05 and 
TiD10 surfaces. On the TiD05 patterns for 
example, a wide variety of highly oriented and 
non-orientated stress fibres was observed. The 
orientation of the vinculin containing 
attachment complexes proved to be compar-
able with the orientation of the stress fibres 
which ended on these focal points (Figure 12). 
In contrast with the TiD01 and TiD02 
surfaces, vinculin on the TiD05 surfaces was 
not orientated solely parallel, but also perpen-
dicular to the surface ridge (Figure 12). 
Nevertheless, focal adhesion points were 
located on the surface ridges. 
 On the TiD10 surfaces, mainly non-
orientated stress fibres and focal adhesion 
points were found. The differences in F-actin 
and vinculin orientation between different 
surface textures is demonstrated clearly in 
Figure 13. This CLSM image shows RDFs on 
a TiD01 and TiD10 surface texture. While the 
stress fibres and vinculin containing focal 
adhesion points of the RDF on the TiD01 
surface pattern were highly aligned,these 
intracellular components of the cells on the 
TiD10 texture were not. In contrast with the 
other surface patterns, some vinculin was 
found on the bottom of the 10.0 μm grooves. 
However, the majority of vinculin containing 
focal adhesion points were located on the 
crests of the TiD10 ridges. 
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Figure 11   CLSM overlay image showing actin (RED) 
and vinculin (GREEN) and the cpTi surface (BLUE). 
Incubation lasted 3 days. On both the TiD01 (top) and the 
TiD02 (bottom) surface, the stress fibres and the focal 
adhesion points are orientated parallel to the surface 
pattern. Vinculin is located mainly on the surface ridges. 
 
DISCUSSION AND CONCLUSIONS 
The results of this study show that it is poss-
ible to produce micropatterns in bulk 
commercially pure titanium. Although the 
quality of the micropatterns fell within set 
tolerance levels, results also made it clear that 
further minor adjustments will be required to 
optimize future cpTi microtextured surfaces. 
For instance, SEM showed dents, cavities, and 
slopes in the wafer surfaces. It is very likely 
that these features were remnants of damage 
 
 
 
Figure 12   RGB overlay image of a RDF on a TiD05 
surface (BLUE) after 3 days of incubation. The stress 
fibres (RED) and focal adhesion points (GREEN) are not 
orientated parallel to the surface grooves and ridges. 
 
 
 
Figure 13   CLSM digital overlay image showing RDF F-
actin (RED), RDF vinculin (GREEN), and the cpTi 
surface (BLUE). The image shows the transition from a 
TiD01 (left) to a TiD10 (right) texture. The cells were 
incubated for 3 days on these patterns. While the RDF on 
the TiD01 texture possesses highly aligned stress fibres 
and focal points, these intracellular components of the cell 
on the TiD10 surface are orientated differently. 
 
inflicted during cutting the wafer to its appro-
priate size and shape, mechanical polishing of 
the wafer surface, the etching process, 
transport between laboratories, cell culture, or 
specimen preparation. An good example are 
the slopes (Figure 2), whose appearance sug-
gests that they originated as scratches, which 
were reduced to slopes by polishing. The 
sharp edged dents and cavities on the other 
hand imply damage after polishing. Although 
these surface imperfections were seen on a 
limited scale, their impact on the eventual 
patterns emphasizes the importance of con-
tinuous surface checks during the various 
stages of the production process. 
 SEM and TEM showed that some 1.0 
μm ridges had a triangular shape in stead of a 
battlement-like appearance with rectangular 
edges. This could be caused by variations in 
the SF6/O2 etching process. During this pro-
cess, a plasma is created by dissociating SF6 
in a RF field into SF5+ ions and F* radicals. 
While the SF5+ ions etch the bottom of the 
grooves physically through bombardment, the 
F* radicals etch the walls and bottom of the 
grooves chemically. In both cases, these pro-
cesses result in the formation of TiF4 gas, 
  
117 
which is removed by maintaining a low pres-
sure environment in the reaction chamber. 
Introduction of O2 offers the possibility of 
regulation, since the addition of O2 facilitates 
the formation of a passivation layer which 
changes the etching speed. Next to variations 
during this etching process, the observed 
triangular ridges could also be caused by the 
fact that the surfaces of the titanium wafers 
were not perfectly flat, but possessed a small 
curvature of 0.09%. A curved wafer surface 
could induce imperfections of the applied 
chromium mask, resulting in deviations of the 
appearance of the eventual microfeatures. 
Except from the aberrant triangular ridge 
shapes, the observed deviations in groove 
width, ridge width, and groove depth could 
also be explained by the transferal and etching 
of gratings on non-planar wafer surfaces. 
 In addition, SEM micrographs showed 
that the roughness of the floor of the grooves 
was clearly different from that of the crest of 
the ridges. This difference in roughness could 
be caused by the formation of TiO3 in stead of 
TiO4 during the etching process. Since TiO4 
has a much lower sublimation point than 
TiO3, it is possible that the latter was 
deposited on the groove floor during etching, 
resulting in an aspecific rough surface. It is 
more likely however, that this roughness was 
caused by the polycrystalline composition of 
the used cpTi wafers. Polycrystallinity is 
known to induce isotropic etching, since the 
molecule matrix of the material is oriented 
along several orientational planes. Due to this 
reason, most investigators prefer anisotropic 
materials like silicon. But these materials are 
not used for the production of implants. 
Therefore, further tuning of the etching 
process or perhaps the use of single crystalline 
titanium seems to be a better option for 
enhancing the quality of etched micropatterns 
in titanium. Furthermore, subsequent etching 
of the wafer surface after removal of the 
protective chromium layer could produce a 
comparable roughness on both the groove 
floor and the ridge crest. 
 Concerning the behaviour of the 
RDFs, SEM results suggested that the cells 
orientated parallel to the 1.0, 2.0, and 5.0 μm 
surface patterns, while the main direction of 
orientation of the RDFs on the TiD10 surfaces 
was very different. These results corroborate 
with our earlier studies with microtextured 
silicone rubber substrata4-6. During these 
earlier studies, digital image analysis showed 
that RDFs on silicone rubber surfaces with 2.0 
μm grooves and ridges (SilD02) aligned 
strongly along the surface patterns, while the 
cells on the 5.0 μm grooves and ridges 
(SilD05) were less aligned. RDFs on silicone 
rubber substrata with 10.0 μm grooves and 
ridges (SilD10) proved to be orientated 
randomly.  
 CLSM overlay images showed that 
the stress fibres of the cells on the TiD01 and 
TiD02 surfaces also were orientated strongly 
parallel to the surface ridges, while these 
fibres of the RDFs on the TiD05 and TiD10 
patterns were not (Figures 11 to 13). This 
again proved to be identical with the results of 
one of our earlier studies7, during which we 
found similar directional vectors for the 
microfilaments of the RDFs incubated on 
SilD02, SilD05, and SilD10 surfaces. Further 
similarities between the RDFs on 
microtextured cpTi and silicone rubber sur-
faces were found for the location and orienta-
tion of the vinculin containing focal adhesion 
points. On both the titanium and the silicone 
rubber surfaces, vinculin was located mainly 
on the ridges of the surface patterns. Further-
more, the orientation of these vinculin stains 
was highly comparable. On both the TiD02 
and SilD02 surfaces, the vinculin stains were 
directed strictly parallel to the surface ridges, 
while on the TiD05, SilD05, TiD10, and 
SilD10 surfaces other vinculin orientations 
were observed. 
 Similarities were also found for the 
TEM results. TEM showed that the RDFs on 
the TiD01, TiD02, and TiD05 surfaces did not 
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touch the bottom of the grooves. This is in 
agreement with our findings on silicone 
rubber substrata8 and earlier results by 
Rovensky and Slavnaya13. During an earlier 
TEM study8, we also found that the focal 
adhesion points of RDFs on microgrooved 
silicone rubber substrata were located mainly 
on the ridges. Again, comparable cell behav-
iour was observed on the microgrooved tita-
nium surfaces during this study. Finally, 
results showed that only the cells on the 
SilD10 and TiD10 textures contacted the floor 
of the grooves. 
 Recognizing the similarities between 
the results on the microtextured titanium and 
silicone rubber surfaces, it is possible to dis-
cuss the implications of these findings. For 
example, the physicochemical properties of 
silicone rubber and titanium are not identical. 
This, together with the role that these material 
properties play in cell attachment1-3, 9, could 
cause the RDFs to orientate differently on tita-
nium. However, our results show that the 
alignment of the RDFs does not differ from 
that of RDFs on microtextured silicone rubber 
substrata4-7. The similarities could imply that 
the orienting effect of surface micropatterns is 
not influenced or overruled by material related 
properties. However, this does not mean that 
the substratum material has no influence at all. 
This is demonstrated clearly by our SEM data, 
that show that large quantities of cells were 
found on the titanium surfaces after 3 days of 
culturing. Comparison with cell quantities on 
silicone rubber substrata4-8 revealed that, 
although identical amounts of RDFs were 
seeded (45 viable RDF per mm2), less cells 
were present on these substrata after 3 days of 
incubation. This dissimilarity in cellular 
proliferation rate could be caused by differ-
ences in physicochemical properties of both 
substrata materials1, 14. Material surface prop-
erties are considered crucial for cell adhesion 
and spreading1, cell activities that are related 
directly to the ability of fibroblasts to 
proliferate14. Therefore, it is possible to 
suggest that the more hydrophillic titanium 
surfaces induce a higher proliferation rate than 
the more hydrophobic silicon rubber surfaces. 
 Finally, some remarks can be made 
concerning the focal adhesion points. TEM 
micrographs showed that the focal adhesion 
points were wrapped occasionally around the 
edges of the ridges (Figure 9). This implies 
that focal adhesion points possess the ability 
to bend, and are therefore not rigid structures. 
This fact, together with the observed focal 
adhesion points on the walls of the ridges, 
seems to contradict with the hypothesis by 
Ohara and Buck6, 15. This hypothesis suggests 
that the geometrical dimensions of the focal 
adhesion points and the available area for 
attachment to the surface ridges are crucial 
elements in the process of cellular orientation. 
According to this theory, only one major 
orientational vector of attachment is possible 
on ridges with a width smaller than the mini-
mum length required for focal adhesion point 
attachment, i.e. parallel to the surface grooves 
and ridges. However, if the focal adhesion 
points are not rigid, cell attachment is not 
limited due to this cause. Subsequently, this 
would mean that other phenomena cause the 
cell to orientate and elongate on 
microgrooved surfaces. 
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Reviewing the results presented in this thesis, it 
can be concluded that the experiments in this 
thesis did not provide a final model or 
explanation for the working mechanisms of 
cellular behaviour to microtextured surfaces. 
The used and demonstrated techniques did 
however offer exciting opportunities, not only to 
create textured surfaces, but also to get insight in 
the modulation of the cell responses to these 
surfaces. In the following paragraphs the results 
in the chapters 2 to 8 will be discussed in 
relation to earlier published results and 
hypotheses. 
 Although the overall mechanism of 
contact guidance was not explained, some ques-
tions concerning the fascinating phenomena of 
contact guidance were answered. One of these 
main questions was which parameter of the 
standardized microgrooved surfaces 
manipulated fibroblast behaviour. Concerning 
the major determining factor for contact guid-
ance of cells on these surfaces, there are two 
generally accepted hypotheses available. The 
first one by Clark et al.1-2 suggests that the 
degree of cell alignment on surfaces with paral-
lel grooves is a strong function of the groove 
depth and a weaker function of the repeat spac-
ing. However, this hypothesis contradicts the 
results of the digital image analysis (DIA) 
experiments in chapter 4, which showed no 
significant difference between the alignment of 
RDFs on 0.5 and 1.0 μm deep grooves. In 
addition, the rat dermal fibroblasts (RDFs) incu-
bated on the titanium microgrooved wafers 
(chapter 8) displayed no differences in 
alignment between the 1.1 and 2.2 μm deep 
grooves, or the earlier investigated grooves on 
the silicone rubber surfaces.  
 However, the results of the experiments 
in this thesis and data of studies by other investi-
gators3-6 seem to indicate at a limited importance 
of the groove depth and a major influence of the 
ridge width on cell alignment. Such a statement 
would corroborate the second hypothesis by 
Ohara and Buck5, which proposes that, if the 
cells bridge the grooves, there will be no effect 
of the depth of these grooves on cellular 
alignment. Accordingly, the ridge width is the 
main determining factor in contact guidance. In 
chapter 3 and 4, quantitative DIA data 
demonstrated that the morphological changes of 
the RDFs on the microgrooved surfaces was a 
result of the ridge width, and not the groove 
width or depth. Specifically, experiments 
showed that ridges ≤ 4.0 μm can be used suc-
cessfully to orientate (≤10°) RDFs along the 
surface microgrooves. In addition, other indica-
tions for the importance of the ridge were found 
with other forms of microscopy. For example, 
phase contrast microscopy (chapter 4), confocal 
laser scanning microscopy (CLSM; chapters 5 
and 8) and transmission electron microscopy 
(TEM; chapters 6 and 8) showed that RDFs 
attached specifically to the ≤ 5.0 μm ridges of 
the microgrooved substrata. 
 CLSM also revealed that the alignment 
of the intracellular cytoskeletal components 
matched the orientation of the cells. Since no 
clear relation could be demonstrated between 
the ridge width and the deposited extracellular 
matrix (ECM) proteins, or the cytoskeletal and 
ECM alignment, other cell functions apparently  
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cause cell guidance. For example, there is 
some evidence that specific cell adhesion 
receptors, like integrin, can direct cell 
movement7-9. These studies show that integrin 
does not only play a role in cell adhesion, but 
also participates in processes like mechano-
reception, interpretation, transduction, and 
various cell signalling pathways. This is also 
illustrated by earlier studies that report 
changes in many cellular processes like 
cellular differentiation, DNA/RNA tran-
scription, cell metabolism, and protein 
production3-4, 10-11. Moreover, changes in the 
regulation of fibronectin mRNA levels, 
mRNA stability, and fibronectin 
stability/assembly on surfaces with 
microgrooves were found10. Therefore, further 
research into the cell response to surface 
topography should include a detailed study of 
the involvement of cellular adhesive mol-
ecules. 
 An other point of attention is the fact 
that during all experiments in this thesis only 
rat dermal fibroblasts (RDFs) were used. 
Although fibroblasts are very important in 
processes concerning connective tissue, many 
implants contact other cells and tissues. A 
good example are bone anchored implants, 
which interface with osteoblasts, osteocytes, 
osteoclasts, chondrocytes, or chondroblasts. It 
is paramount to note that the response of these 
cells to microgrooved surfaces could differ 
from that of fibroblasts. This was stressed 
earlier by Curtis and Clark12, who concluded 
their review with the statement that `the 
topographical reactions of cells vary 
considerably from type to type, perhaps re-
flecting differing cytoskeletal organizations'. 
Therefore, the behaviour of these cells with 
microtextured surfaces should be investigated 
thoroughly before any statement can be made 
on microtextured bone anchored implants. 
 Many investigators have already 
speculated on the benefits of microtextured 
implants. For example, Ratner13 speculated on 
the benefits of an implant surface that would 
not cause the formation of a fibrous capsule. 
According to Ratner, such an implant would 
not `be walled off', but the cells contacting the 
implant surface would respond `as if they are 
not seeing and interacting with the 
biomaterial'. This woundhealing reaction 
would be preferable for the clinical success of 
several frequently used implants. For 
example, reduction of the capsule thickness 
around an implant could mean a reduction of 
the capsule contraction that is often observed 
with silicone breast implants14. Furthermore, 
capsule reduction would enhance the perform-
ance of many implanted biosensors, 
pacemakers, and infusion pumps3. These 
devices all benefit from an optimal contact 
between the tissues and the implant for the 
transduction of signals. For instance, the ne-
cessary electrical pulse of a pacemaker would 
be conducted better to the heart muscle if the 
capsule around the electrode of this device 
was minimized. An other good example is the 
sensor of an implanted insulin infusion pump. 
For optimal detection of insulin levels, maxi-
mal contact between the sensor of this device 
and the surrounding tissues is required. How-
ever, if a fibrous capsule shields the sensor 
from the crucial signal, the performance of the 
implant will be insufficient. 
 Unfortunately, the in vivo experiments 
in chapter 7 proved to be inconclusive. First 
of all, no reduction of the fibrous capsule 
around the microtextured implants was found. 
Although several possible explanations have 
been presented in the Discussion and Con-
clusions section of chapter 7, the most valid 
argument appears to be the depth of the 
groove. Even when this pattern dimension 
does not provoke cellular orientation in vivo 
due to the existing cell-cell contacts12, it could 
facilitate mechanical interlocking of the 
implant. This could lead eventually to a fix-
ation of the implant, a minimum of damage to 
the surrounding tissues, and subsequently, a 
reduction of the fibrous capsule thickness. 
However, that micropatterned surfaces are 
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able manipulate woundhealing processes 
around implants was demonstrated by the 
significant differences in the number of in-
flammatory cells and bloodvessels around the 
microgrooved implants. Therefore, further 
research seems mandatory, especially since 
textured surfaces could present a possible tool 
in the manipulation of tissue growth and re-
generation. Examples of this potential have 
been shown before with for instance 
percutaneous implants3-4, 12-13, 17-18. Further-
more, guided regeneration could reduce the 
formation of scarring tissue and enhance the 
repair of highly orientated structures like ten-
dons19-21. In addition, the orienting effect of 
microgrooved surfaces could induce endo-
thelial orientation in artificial grafts13, 22 or 
reduce marsupialization with many per-
cutaneous and permucosal implants19. Other 
applications of microtextured biomaterials has 
been reported in the discipline of tissue engin-
eering. By using orienting scaffolds, skin 
autografts have been generated out of 
individual keritinocytes23. Moreover, attempts 
have been made to produce large tubular 
morphologies that could function as intestine 
or ureter segmental replacements24. In addi-
tion, microtextured surfaces have been used in 
in vitro experiments to decrease hepatocyte 
dedifferentiation25-26 or induce guided nerve 
regeneration1-2, 27. 
 Given these large number of possible 
applications for microtextured surfaces, 
experiments with other types of microtextured 
(bio) materials could prove to be very useful. 
This appears to be possible, since the experi-
ments in chapter 8 did show that 
microtextured surfaces can be produced in 
bulk titanium. Although more research is 
necessary to optimize the production process 
of micropatterned surfaces, the presented 
preliminary results showed that RDFs display 
comparable behaviour on silicone rubber and 
titanium microgrooved surfaces. This does 
only apply to the orientation and not to the 
proliferation of the cells, probably because the 
latter is a process that is influenced by the 
differences in physicochemical properties 
between titanium and silicone rubber. This 
could very well be a result of differences in 
the surface free energy of the used materials, a 
conclusion that is supported by the results of 
chapter 2. Recognizing the large number of 
existing implants made of titanium, further 
research with micropatterned titanium 
surfaces and various cell types seems jus-
tified. In addition, many other materials are 
used in implantology and tissue engineering. 
Applying microtextures to the surfaces of 
these materials could benefit the development 
of successful implants and scaffolds. 
 An additional point of interest is the 
production of different shaped, microgrooved 
titanium surfaces. As stated before, many 
currently used implants are made of titanium. 
However, these implants are often cylindrical, 
and not planar. In order to study a possible 
design for a microtextured implant, develop-
ment of microfabrication techniques is 
imperative. This can include the production of 
complex surface topographies15 and the 
fabrication of microstructures on non-planar 
surfaces16. Using the latter, it will for example 
be possible to apply a microtexture to non-
planar, curved implant surfaces. Development 
of these techniques will not only benefit 
biomaterial research, but also the production 
of microelectronic, mechanical, and optical 
devices and subsystems15-16. Subsequently, it 
is possible that the development of micro-
fabrication techniques will not only result in 
the production of microtextured implants, but 
also in the construction smaller implant 
devices. Therefore, it is recommended that 
research of microtextured surfaces, as started 
with this thesis, is exploited further to 
determine whether microfabrication can offer 
a major advantage for the engineering of 
`smart' manipulative implants and (smaller) 
implants with higher clinical success rates. In 
addition, these new studies could also 
contribute to a better understanding of the 
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mechanisms that cause cellular contact 
guidance. Such insight would not only enlarge 
the general knowledge of these processes, but 
also offer implant designers a tool for design-
ing more successful implants with predicable 
qualities. 
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More and more implants are being used in 
medicine. The clinical success of such 
implants will depend for a very large part on 
the physico-chemical properties of the (bio)-
material. New techniques, which are also used 
in the field of tissue engineering, open up new 
possibilities for manipulating woundhealing 
related processes. Manipulation in this case 
means steering of cell and tissue related pro-
cesses during woundhealing around the 
implant. One of the tools in the task of creat-
ing a manipulative implant surface could be 
the application of surface microtextures. 
 Chapter 2 describes how, in order to 
evaluate the effect of surface treatment and 
surface microtexture on cellular behaviour, 
smooth (SilD00) and microtextured silicone 
substrata were produced. The microtextured 
substrata that were used for this purpose pos-
sessed parallel surface grooves with a groove 
and ridge width of 2.0 (SilD02), 5.0 (SilD05), 
and 10.0 μm (SilD10). The depth of the sur-
face grooves was approximately 0.5 μm. 
Subsequently, these substrata were either left 
untreated (NT) or treated by ultraviolet irradi-
ation (UV), radio frequency glow discharge 
treatment (RFGD), or both (UVRFGD). After 
characterization of the substrata with scanning 
electron microscopy (SEM), scanning probe 
microscopy (SPM), and wettability measure-
ments according to the Wilhelmy plate tech-
nique, rat dermal fibroblasts (RDFs) were cul-
tured on the UV, RFGD, and UVRFGD 
treated surfaces for 1, 3, 5, and 7 days. Com-
parison between the NT and UV substrata 
revealed that UV treatment did not influence 
the contact angles and surface energies of 
surfaces with a similar surface topography. 
However, the contact angles of the RFGD and 
UVRFGD substrata were significantly smaller 
than those of the UV and NT substrata. The 
dimension of the surface events did not influ-
ence the wettability characteristics. Cell cul-
ture experiments revealed that RDF cell 
growth on UV treated surfaces was lower than 
on the RFGD and UVRFGD substrata. SEM 
examination demonstrated that the parallel 
surface grooves on the SilD02 and SilD05 
substrata were able to induce stronger cell ori-
entation and alignment than the events on 
SilD10 surfaces. By combining all the 
findings, the most important conclusion is that 
physicochemical parameters such as 
wettability and surface free energy influence 
the cell growth, but play no measurable role in 
the shape and orientation of cells on 
microtextured surfaces. 
 In chapter 3, a study is described to 
quantify the effect of the substrata surface top-
ography on cellular behaviour. For this pur-
pose smooth and microtextured silicone sub-
strata were produced, and made suitable for 
cell culture by radio frequency glow discharge 
treatment. The silicone rubber substrata used 
during this study had the same surface 
patterns as the substrata described in chapter 
2. RDFs were cultured on these silicone 
rubber substrata and a tissue culture poly-
styrene control surface for 1, 2, 3, 5, and 7 
days. After incubation the cell proliferation 
was quantified with a Coulter Counter, and 
RDF size, shape, and orientation with digital 
image analysis (DIA). Again, cell counts 
proved that neither the presence of the surface 
grooves, nor the dimension of these grooves 
had an effect on the cell proliferation. 
However, RDFs on SilD02, and to a lesser 
extent on SilD05 substrata, were elongated 
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and aligned parallel to the surface grooves. 
Orientation of the RDFs on SilD10 substrata 
proved to be comparable to the SilD00 
substrata. The cells were capable of spanning 
the surface grooves on all textures. 
 The results of the studies in chapter 2 
and 3 showed that fibroblasts respond to sub-
stratum surface roughness. Chapter 4 
investigates how changing surface feature 
dimensions affects their size, shape, and 
orientation. Therefore, the microtextured sub-
strata possessed parallel surface microgrooves 
and ridges that ranged in width from 1.0 to 
10.0 μm. The grooves were either 0.45 or 1.00 
μm deep. Prior to incubation, the substrata 
were cleaned and given a radio frequency 
glow discharge treatment. The RDFs were 
incubated on these substrata for 5 days. Dur-
ing incubation, the RDFs were photographed 
on day 1, 2, 3, 4, and 5, using phase contrast 
microscopy. Digital image analysis of these 
images revealed that on surfaces with a ridge 
width ≤4.0 μm, cells were highly orientated 
(<10°) and elongated along the surface 
grooves. Protrusions contacting the ridges 
could be seen. If the ridge width was larger 
than 4.0 μm, cellular orientation was random 
(≈45°) and the shape of the RDFs became 
more circular. Furthermore, results showed 
that the ridge width is the most important 
parameter, since varying the groove width and 
groove depth did not affect the RDF size, 
shape, or the angle of cellular orientation. 
 In chapter 5, the microfilaments and 
vinculin containing attachment complexes of 
RDFs incubated on microtextured surfaces, 
were investigated with confocal laser 
scanning microscopy (CLSM) and DIA. In 
addition, depositions of bovine and endoge-
nous fibronectin and vitronectin were studied. 
To enable comparison with our previous data, 
smooth (SilD00) and microtextured silicone 
substrata (SilD02, SilD05, and SilD10) were 
used. Results first of all showed that CLSM 
and DIA make it possible to visualize and 
analyze intracellular and extracellular proteins 
and the underlying surface simultaneously 
through the creation of digital overlay images. 
Furthermore, it was observed that the 
microfilaments and vinculin aggregates of the 
RDFs on the 2.0 μm grooved substrata were 
orientated along the surface grooves, while 
these proteins were significantly less orien-
tated on the 5.0 and 10.0 μm grooved 
surfaces. In contrast, bovine and endogenous 
fibronectin and vitronectin were orientated 
along the surface grooves on all textured sur-
faces. These proteins did not seem to be hin-
dered by the surface grooves, since many 
groove spanning filaments were found on all 
microgrooved surfaces. Vinculin was located 
mainly on the surface ridges on all textured 
surfaces. Based on the results of this study, it 
was concluded that the observations did not 
confirm nor reject unequivocally one of the 
earlier published hypotheses concerning 
contact guidance. 
  In chapter 6, transmission 
electron microscopy (TEM) was used to test 
the hypothesis whether cellular attachment is 
highly influenced by the micromorphology of 
the substratum surface. After culturing RDFs 
on the SilD00, SilD02, SilD05, and SilD10 
substrata for 3 and 5 days, the samples were 
prepared and sectioned for TEM by using a 
specially developed preparation technique. On 
the SilD02 and SilD05 surfaces it was found 
that the RDFs attached specifically to the 
ridges and did not contact the bottom of the 
surface grooves. In some instances, cell 
protrusions extended into the grooves, but 
none of these were found to contact or attach 
to the bottom of the microgrooves. Focal 
adhesion points (FAPs) were observed on the 
ridges of the surface patterns. In contrast, on 
the SilD10 substrata FAPs were observed on 
the surface ridges as well as in the surface 
grooves. Furthermore, close examination sug-
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gested orientation of the filamentous cyto-
skeletal components parallel to the surface 
grooves on the SilD02 and SilD05 surfaces, 
which might be related to earlier observed 
overall cellular alignment along parallel sur-
face grooves. 
 Chapter 7 investigates and discusses 
the proposed ability of microtextured implant 
surfaces to alter events at the interface 
between implant surface and surrounding 
tissues during woundhealing. To investigate 
this phenomenon, silicone rubber implants 
with SilD00, SilD02, SilD05, and SilD10 
surfaces were implanted subcutaneously in 
rabbits for 3, 7, 42, and 84 days. SEM obser-
vation showed fibroblasts, erythrocytes, 
lymphocytes, macrophages, fibrin, and 
collagen on all implant surfaces after 3 and 7 
days. After 42 and 84 days only little 
collagen, a small number of fibroblasts, but no 
inflammatory cells, were seen on the implant 
surfaces. The fibroblasts were not orientated 
along the surface grooves on all textured 
surfaces. Three dimensional reconstruction of 
CLSM images and normal light microscopy 
showed no significant differences between the 
thickness of the capsule surrounding the 
smooth and microgrooved implants. In 
contrast, normal light microscopy did show a 
significantly lower number of inflammatory 
cells, and a significantly higher number of 
blood vessels in the capsules surrounding the 
microgrooved implants. Differences between 
the 2.0, 5.0, and 10.0 μm grooved implants 
were not detected, although our results con-
cerning the capsule thickness suggest that the 
depth of the grooves used was not sufficient to 
facilitate mechanical interlocking. The cause 
for the observed differences in inflammatory 
response and number of blood vessels remains 
unclear. 
 Up until the study in chapter 7, only 
silicone rubber substrata were used to investi-
gate RDF behaviour on microtextured sur-
faces. In order to determine whether 
micropatterns can be produced in the 
frequently used biomaterial titanium, and to 
investigate the effect of these surfaces on 
RDF behaviour, photolithography and SF6/O2 
chemistry were used in chapter 8 to produce 
gratings of 1.0 (TiD01), 2.0 (TiD02), 5.0 
(TiD05), and 10.0 μm wide (TiD10) into 
commercially pure titanium wafers. After 
incubation of RDFs on these surfaces for 3 
days. Results showed that the RDFs as a 
whole and their stress fibres orientated strictly 
parallel to the surface pattern on the TiD01 
and TiD02 surfaces. On the TiD05 and TiD10 
surfaces this was not observed. In addition, 
TEM and CLSM demonstrated that the FAPs 
were located mainly on the surface ridges. 
TEM also revealed that these FAPs were 
wrapped occasionally around the edges of the 
ridges. Only the RDFs on both the TiD05 and 
TiD10 surfaces protruded into the grooves 
and possessed FAPs on the walls of the 
grooves. Attachment to the groove floor was 
observed only on the TiD10 textures. Com-
parison of these results with the observations 
on microtextured silicone rubber substrata 
suggests that material specific properties do 
not influence the orientational effect of the 
surface texture on the observed RDF cellular 
behaviour. The proliferation rate of the RDFs 
however seems to be much higher on titanium 
than on silicone rubber substrata. 
 The conclusions of this thesis, and 
their implication for future research and 
implant design are described in chapter 9. 
 
  
  

  
 
 
 
 
 
 
 
In de geneeskunde wordt steeds meer gebruik 
gemaakt van implantaten. Het klinisch succes 
van implantaten hangt voor een zeer groot deel 
af van de fysisch-chemische eigenschappen van 
het (bio)materiaal waaruit dit implantaat 
gemaakt is. Nieuwe technieken, die ook ge-
bruikt worden in de tissue engineering, zouden 
manipulatie van wondgenezingsprocessen 
mogelijk kunnen maken. Met manipulatie wordt 
een sturing van de cel- en weefselreactie tijdens 
het wondgenezingsproces bedoeld, welke 
uiteindelijk kan leiden tot een verhoogd klinisch 
succes van het implantaat. Oppervlakken met 
microtexturen hebben deze potentie. 
 In hoofdstuk 2 is onderzocht wat de in-
vloed van verschillende oppervlakte behande-
lingen en microtexturen is op het gedrag van 
cellen. Ten behoeve van deze experimenten 
werden siliconen substraten geproduceerd die in 
het bezit waren van een glad (SilD00) of 
gegroefd oppervlak. De groeven en de tussen-
liggende richels in het oppervlak hadden beiden 
een breedte van 2.0 (SilD02), 5.0 (SilD05) of 
10.0 μm (SilD10). De diepte van alle groeven 
was ± 0.5 μm. Na productie zijn deze substraten 
verdeeld over verschillende groepen, die beston-
den uit substraten die geen verder behandeling 
ondergingen (NT), die bestraald werden met 
UV licht (UV), een plasma behandeling ontvin-
gen (RFGD), of zowel met UV als een plasma 
behandeld werden (UVRFGD). Na deze behan-
delingen werd het oppervlak van de substraten 
geïnspecteerd met behulp van scanning electro-
nen microscopie (SEM), scanning probe 
microscopie (SPM) en bevochtigbaarheids-
metingen volgens de techniek van Wilhelmy. 
Hierna zijn er fibroblasten, afkomstig waren uit 
de huid van de rat (RDFs), op deze verschillend 
behandelde substraten gekweekt voor 1, 3, 5 en 
7 dagen. De resultaten lieten zien dat de bevoch-
tigbaarheid en oppervlakte vrije energie van de 
NT en UV substraten niet verschilde. Vergelij-
king met de RFGD en UVRFGD groepen liet 
echter zien dat de bevochtigbaarheid van deze 
substraten significant lager was dan die uit de 
NT en UV groep. Verschillen binnen één 
behandelingsgroep als gevolg van verschillende 
groef en richel breedten werden niet waarge-
nomen. Wel werden er verschillen gevonden in 
de groeisnelheid van de cellen. Het bleek nl. dat 
de RDFs op de RFGD en UVRFGD substraten 
significant sneller groeiden dan op de UV sub-
straten. Verder toonde SEM aan dat de SilD02 
en SilD05 oppervlakte patronen een sterkere ori-
ntatie van de cellen parallel aan de groeven 
induceerde dan de SilD10 oppervlakken. De 
belangrijkste conclusie van deze studie was dan 
ook dat fysisch-chemische parameters zoals 
bevochtigbaarheid en oppervlakte vrije energie 
wel invloed hebben op de groeisnelheid van 
RDFs, maar niet op de oriëntatie van deze 
cellen. 
 In hoofdstuk 3 zijn de effecten van 
oppervlakte structuren op het gedrag van cellen 
gekwantificeerd. Hiervoor werd wederom 
gebruik gemaakt van gladde en gegroefde 
siliconen substraten. Deze maal ontvingen alle 
substraten enkel een RFGD behandeling. Na 
deze oppervlakte behandeling werden er RDFs 
op de siliconen en polystyreen controle substra-
ten gekweekt voor periodes van 1, 2, 3, 5 en 7 
dagen. Ook deze keer bleek dat, noch de aan-
wezigheid van groeven in het substraat opper-
vlak, noch de grootte van de groeven en richels 
invloed hadden op de groeisnelheid van de 
cellen. Wel was te zien met digitale 
beeldanalyse (DIA) dat de RDFs op de SilD02, 
en in mindere mate op de SilD05 substraten, 
langgerekt waren en zich parallel richtten aan de 
oppervlakte groeven. De orintatie van de RDFs 
op de SilD10 substraten bleek vrijwel identiek 
aan de willekeurige oriëntatie van de cellen op 
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de gladde SilD00 oppervlakken. Tenslotte werd 
waargenomen dat de RDFs in alle gevallen de 
groeven overbrugden. 
 De resultaten van de in de hoofdstukken 
2 en 3 beschreven studies lieten zien dat het 
gedrag van fibroblasten beïnvloed wordt door 
de ruwheid van het oppervlak waarop zij 
gekweekt worden. Hoofdstuk 4 gaat nader in 
op de vraag welke groef en richel breedten 
specifieke veranderingen in celgrootte, celvorm 
en celorientatie veroorzaken. Om dit nader te 
kunnen onderzoeken werden er gegroefde 
siliconen substraten geproduceerd met diverse 
patronen. Dit maal varieerden zowel de groef als 
de richelbreedte tussen de 1.0 en 10.0 μm. 
Verder waren de groeven 0.45 of 1.0 μm diep. 
Na een RFGD behandeling werden RDFs op 
deze substraten gekweekt voor 5 dagen. Gedu-
rende deze 5 dagen werden de levende fibro-
blasten op de gladde en gegroefde substraten 
gefotografeerd op dag 1, 2, 3, 4 en 5 met behulp 
van een fase contrast microscoop. Aan de hand 
van deze foto's liet DIA o.a. zien dat RDFs op 
oppervlakken met richels kleiner of gelijk aan 
4.0 μm langer waren en in hoge mate geori-
nteerd lagen in de richting van de groeven 
(afwijking kleiner dan 10°). Verder hadden deze 
cellen uitstulpingen die specifiek contact 
maakten met de oppervlakte richels. RDFs op 
substraten met richels groter dan 4.0 μm waren 
ronder van vorm en willekeurig georinteerd 
(gemiddeld ongeveer 45°). Aan de hand van de 
resultaten kan geconcludeerd worden dat de 
breedte van de richel de belangrijkste parameter 
is, daar variatie van groefbreedte en diepte geen 
invloed heeft op de grootte, vorm en oriëntatie 
van de cellen. 
 In hoofdstuk 5 worden de microfila-
menten en vinculine bevattende hechtingscom-
plexen van RDFs op gegroefde oppervlakken 
onderzocht met behulp van CLSM en DIA. 
Naast deze intracellulaire componenten werden 
ook bovine en endogeen fibronectine en vitro-
nectine bestudeerd. Om vergelijking met eerdere 
resultaten mogelijk te maken, werden wederom 
de SilD00, SilD02, SilD05 en SilD10 substraten 
gebruikt. Uit de resultaten van deze studie werd 
allereerst duidelijk dat het mogelijk is met 
behulp van confocale laser scanning 
microscopie (CLSM) en DIA intra- en extra-
cellulaire fluorescent gelabelde protenen samen 
met het oppervlak van het materiaal in beeld te 
brengen en te analyseren. Verder bleek dat de 
actine microfilamenten en de focale adhesie 
punten, waarvan vinculine een onderdeel is, zich 
oriënteren in de richting van het oppervlakte pa-
troon. Op de SilD05 en SilD10 substraten waren 
deze intracellulaire componenten significant 
minder georiënteerd. Vinculine bevond zich 
voornamelijk op de richels van alle oppervlakte 
patronen. Het bovine en endogeen fibronectine 
en vitronectine was, in tegenstelling tot de 
eerder genoemde microfilamenten en vinculine, 
sterk georinteerd op alle oppervlakte texturen. 
Deze proteïnen leken geen hinder te 
ondervinden van de groeven in het substraat op-
pervlak, daar werd waargenomen dat zij alle 
groeven overspanden. Aan de hand van de 
resultaten van deze studie was het echter niet 
mogelijk een uitspraak te doen over de 
(on)juistheid van eerder gepubliceerde theorieën 
met betrekking tot celorientatie en "contact 
guidance". 
 In hoofdstuk 6 is transmissie electronen 
microscopie (TEM) gebruikt om de hypothese 
te testen, die stelt dat cel hechting in hoge mate 
beïnvloed wordt door oppervlakte ruwheid. Na 
het kweken van RDFs op SilD00, SilD02, 
SilD05 en SilD10 substraten voor 3 en 5 dagen, 
zijn er ultra dunne coupes gemaakt met behulp 
van een speciaal voor dit doel ontwikkelde 
preparatie techniek. Aan de hand van deze 
coupes werd waargenomen dat de RDFs op de 
SilD02 en SilD05 substraten specifiek hechten 
aan de richels van het oppervlakte patroon. 
Verder kwamen de fibroblasten enkel in contact 
met de top van de richels en niet met de bodem 
van de groeven. In sommige gevallen werden er 
wel celprotrusies in de groeven aangetroffen, 
maar hechting van deze uitstulpingen aan de 
bodem van de groef werden niet waargenomen. 
Focale adhesie punten (FAPs) werden enkel 
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gezien op de richels. In tegenstelling tot de 
RDFs op de SilD02 en SilD05 substraten, 
hechten de cellen op de SilD10 oppervlakken 
zowel aan de toppen van richels als aan de 
bodem van de groeven. Tenslotte wees 
observatie van de cytoskeletaire filamenten uit 
dat deze parallel aan de groeven waren 
georiënteerd op de SilD02 en SilD05 substraten. 
Dit laatste kan verband houden met de eerder 
waargenomen oriëntatie van de gehele cel op 
deze oppervlakte patronen. 
 Hoofdstuk 7 onderzoekt en bespreekt 
de eventuele potentie van gegroefde implantaat 
oppervlakken om genezingsprocessen op het 
scheidingsvlak tussen implantaat en weefsels te 
beïnvloeden. Om dit te kunnen onderzoeken, 
werden siliconen implantaten met SilD00, 
SilD02, SilD05 en SilD10 oppervlakken onder 
de huid van konijnen geplaatst voor 3, 7, 42 en 
84 dagen. Na verwijdering van deze implantaten 
bleek met behulp van SEM dat na 3 en 7 dagen 
fibroblasten, erytrocyten, lymfocyten, 
macrofagen, fibrine en collageen aanwezig 
waren op het oppervlak van alle implantaten. Na 
42 en 84 dagen werden wel slechts kleine 
hoeveelheden collageen en niet georinteerde 
fibroblasten, maar geen ontstekingscellen 
waargenomen op alle implantaat oppervlakken. 
Drie dimensionale reconstructie van CLSM 
beelden van de weefsels en normale licht 
microscopie (LM) lieten zien dat er geen 
significante verschillen waren tussen de dikte 
van het kapsel rond de gladde en gegroefde 
implantaten. Daarnaast toonde LM wel aan dat 
rond de gegroefde implantaten significant 
minder ontstekingscellen en significant meer 
bloedvaten aanwezig waren. Verschillen tussen 
de verschillend gegroefde oppervlakken werden 
niet gevonden. Uit de resultaten met betrekking 
tot de dikte van het kapsel kan mogelijk gecon-
cludeerd worden dat de groeven in deze im-
plantaten niet diep genoeg waren om "mech-
anical interlocking" te veroorzaken. Dit betekent 
dat het implantaat op zijn plaats wordt gefixeerd 
door het in de groeven ingegroeide weefsel. De 
oorzaak van het lagere aantal ontstekingscellen 
en hogere aantal bloedvaten rond de gegroefde 
implantaten is onduidelijk. 
 Tot aan de studie in hoofdstuk 7 zijn er 
enkel siliconen substraten gebruikt. Om de 
productie van micropatronen in andere implan-
tatie materialen en de reactie van cellen op deze 
alternatieve materialen te onderzoeken, werden 
in hoofdstuk 8 microgroeven van 1.0 (TiD01), 
2.0 (TiD02), 5.0 (TiD05) en 10.0 μm (TiD10) in 
titanium aangebracht met behulp van fotolitho-
grafie en SF6/O2 chemie. Na een incubatie van 3 
dagen, oriënteerde de gehele cel en de intra-
cellulaire actine filamenten zich langs de TiD01 
en TiD02 microgroeven. Op de TiD05 en 
TiD10 oppervlakken was deze oriëntatie niet 
aanwezig. Verder toonden TEM en CLSM aan 
dat de focale adhesie punten zich voornamelijk 
bevonden op de richels. Herhaaldelijk was met 
TEM te zien dat deze FAPs ook om de hoek van 
een richel kunnen buigen. Uitstulping van de 
fibroblasten in de groeven werd alleen gezien op 
de TiD05 en TiD10 oppervlakte patronen. 
Hoewel de cellen op deze texturen FAPs beza-
ten op zowel de richels als de wanden van de 
groeven, hechten slechts de cellen op de TiD10 
oppervlakken aan de bodem van de groeven. 
Vergelijking van deze resultaten met die uit 
eerdere experimenten met siliconen substraten 
geven aan dat de materiaal gerelateerde eigen-
schappen geen invloed hebben op de oriëntatie 
van de cellen. De groeisnelheid van de fibro-
blasten daarentegen lijkt weldegelijk benvloed 
te worden door de eigenschappen van het sub-
straat materiaal. 
 De belangrijkste conclusies van dit 
proefschrift en eventuele suggesties voor verder 
onderzoek en eventuele toekomstige implantaat 
ontwerpen worden besproken in hoofdstuk 9. 
 
  
 
 
 
 
 
 
 
 
 
Writing a thesis can be a lonely task. If you 
don't do it properly, it can result in long 
nights, staring at a blank computer screen, not 
knowing where the train is taking you. Don't 
get me wrong. This thesis wasn't written in a 
jiffy. I've had my share of sleepless nights. 
But in my case the damage was limited 
because I had some people around who kept 
me on track. This section is dedicated to them. 
 First of all I would like to thank prof. 
dr. John Jansen. I guess I annoyed John over 
the years, refusing to stop calling him THE 
CHIEF. But that was all well meant, believe 
me. During these last 4 years, he managed to 
keep me on track, although he never forced 
me to live by a strict time table or master plan. 
A good example was when I asked him how 
things were supposed to go concerning holi-
days. Mind you, this was 2 weeks after I had 
started. He smiled at me, waved his arms 
according his personal trademark and said, 
`Well, all I expect from you is that you finish 
the job on time. How you do or plan it, is your 
responsibility.' I don't know if he ever 
regretted that he said that. I hope not. But I'm 
grateful for the freedom and trust he gave me. 
 Furthermore, I would like to thank prof. 
dr. Leo Ginsel. The first time I met Leo, he 
probably must have thought something like, 
`What in heavens name is this moron doing 
on my department?' For the record I've to say 
that I had consumed a lot of beer the first time 
I saw him. That always makes people behave, 
...huh..., differently. But he kept an open mind 
and made me feel that I was always welcome 
on the Department of Cell Biology and 
Histology over the years. He never was too 
busy to listen to my stories and provided me 
with different angles on subjects. Thanks 
Leo... 
 Sometimes distance can be a nuisance. 
If you've to cooperate with someone in the 
U.S.A. while you're in Europe, it can lead to 
impersonal contacts and general discussions. 
Happily, this is no golden rule. There are 
always exceptions. And prof. dr. Andreas 
von Recum of Clemson University is such an 
exception. When I met him in Clemson, he 
never struck me as the big biomaterials guru 
he actually is. He didn't hesitate to invite me 
into his home, meet his family, and show me 
his favourite hobby, i.e. raising sheep. Espe-
cially now that this thesis is ready, I am glad 
that I had the honour of calling him a part of 
my team. 
 Speaking of teams, we would never 
have got where we are now, if I couldn't have 
counted on Anja de Ruijter. This tiny lady 
with big potential helped me with all the work 
that had to be done. God knows how many 
times she helped me back on track when I 
went blank. When I felt buried under things to 
do, she eliminated problems with a few words 
and took huge loads of work off my back. The 
same thing goes for Huib Croes, who prob-
ably developed a throbbing headache every 
time I gave him those atrocious silicone sub-
strata. Wonderman Huib proved that making 
TEM sections is a Craft that he mastered a 
long time ago. 
 Thanks also to all those people who 
made those little differences. Joop Wolke for 
teaching me everything there is to know about 
congresses and teasing me about my alleged 
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successes with foreign ladies, Kitty van Dijk 
for putting up with my loud music and ciga-
rette smoke, and Hein van der Lee for show-
ing me that there ALWAYS is a way to get 
the job done. Thank you Saskia Onck from 
Onck Graphic Design for giving me access to 
all your equipment and helping me with this 
thesis. Thanks to Hans Smits for all the help 
and tech hints, dr. Paul Jap for all the time 
and useful discussions (burp), dr. Jack 
Fransen for the (golden) tips, and prof. dr. 
Nico Creugers for showing me that Star Trek 
is no mental disorder. Thanks also to every-
body at the Departments of Biomaterials, Oral 
Function, and Cell Biology and Histology of 
the University of Nijmegen for the good times 
over the years, the people of the CDL (Cen-
traal Dieren Laboratorium) and the MESA 
Research Institute of the Technical University 
of Twente for all their help. If you are not 
mentioned in these acknowledgements, please 
keep in mind that you're always liable to 
forget somebody. So if I forgot you, please 
don't hold it against me. 
 
 To end this, I would like to finish with 
some people that I will never forget, whatever 
happens. First of all my mum and dad. They 
always saw the potential, even when I didn't, 
and shared everything they had to get me 
where I am now. Talking about opportuni-
ties... Thanks also to Gabrie and Lydia, who 
took a stray cat in and treated it as something 
special. I'll never know how to make it up to 
U 2. And finally, I would like to thank 
Patricia, my partner in crime. She ran the 
whole show single-handedly when I was put-
ting all this down on paper. Luckily, she 
always kept me in touch with the `real world' 
when I slid off into a `Walter Mitty' syn-
drome. Or as James Thurber wrote it: `I was 
thinking,' said Walter Mitty. `Does it ever 
occur to you that I am sometimes thinking?' 
She looked at him. `I am going to take your 
temperature when I get you home.' 
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